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ANTICIPATED BENEH;’S/ POTENTIAL, COMMERCIAL, APPLICATIONS OF THE RESEARCH DEVELOPMENT:

There are many potential areas of application for the ASTROS/ASE. It will provide the
aerospace industry an excellent design/analysis tool for aircraft such as the High Speed Civil
Transport (HSCT) or the Active Aeroelastic Wing (AAW), among other ongoing and future
projects. Other gross potentials of the ASTROS/ASE include its integration with Probabilistic
Design Methods, its Designing of Smart Structures and its further inclusion of emerging robust
control technology.
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TECHNICAL ABSTRACT (SUMMARY REPORT)

The objective of the Phase I STTR contract is to sufficiently develop the Aeroservoelastic
(ASE) discipline and to the grounds for its eventual integration into ASTROS (Automated
Structural Optimization System). The ZONA Team attempts to achieve two major technical
goals in order to accomplish this objective.

First, a Unified S-Domain Aerodynamics (USDA) package, as derived from the UAIC (the

Unified Aerodynamic Influence Coefficient) approach of four major ZONA aerodynamic
software (called the ZAERO Module) covering the complete flight Mach number regime, have
been developed. A feasibility study has been conducted for three wing planforms, namely, i)
the NASP Demonstrator Model, ii) the AGARD Standard 445.6 Wing (solid and weakened

planforms) and iii) the Modeled F-16 Wing. Emphasis was placed on the feasibility of
" employing the developed USDA, via Karpel's Minimum State Technique (MIST), for transonic

and hypersonic flutter investigation of these wing planforms. The feasibility study was
concluded successfully assuring the USDA's capability for ASE applications.

Second, a Software Design Blueprint for the ASE Module architecture and plans for its
integration into ASTROS are provided. Thus, with the approved Software Design Blueprint for
ASE as a basis, the subsequent integration of ASTROS/ASE can be implemented. Technically
or commercially, the resulting integrated ASTROS code will acquire a competitive edge over
all existing MDO software. _

In parallel to the above effort, additional tasks were conducted to further substantiate the

present technical goals; these are: -

1) Transonic unsteady pressure results of the Lessing Wing and the LANN Wing: For further
validation of the ZTAIC code (see Appendix A).

il) Development planning of an Aerodynamic Geometry Module (AGM) that will provide
ASTROS with a universal set of geometric definitions for the ZAERO module.

The findings of the Phase I studies can be summarized as follows:

On The ZAERO Module:

i) The unified AIC formulation is ideal for a MDO environment such as the one provided by
ASTROS.

il) The unified feature of ZAERO for all Mach numbers will surpass existing aerodynamic
modules including those presently within ASTROS.

iii) The success of the USDA results ensure the feasibility of ASTROS/ASE applications.

On The ASE Blueprint: .
The approach and the overall capability of the ASE in preparation for future integration with

ASTROS has been defined (see Section 4.0). Four specific scenarios pertinent to the
ASTROS/ASE applications clearly elucidate its future capability.

Nothing on this page is classified or proprietary information/data
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FOREWORD

This report was prepared by ZONA Technology, Inc., the prime contractor, and its Team
members (The University of Oklahoma (OU), Universal Analytics, Inc. (UAI), and Dr.
Mordechay Karpel) for FIBAD, Wright Laboratory, WPAFB, Ohio. It describes the work
performed under the Phase I contract of AF/STTR No. F33615-95-C-3219 in response to the
Topic No. AF95T009 entitled "Enhancement of the Aeroservoelastic Capabilities in ASTROS."
The contractual period was from September 01, 1995 through May 01, 1996. Lt. Gerald
Anderson of WL/FIBAD was the technical monitor.

The contributors of this report are: Mr. P.C. Chen (principal investigator), Dr. D.D. Liu and Mr.
D. Sarhaddi of ZONA Technology; Dr. A.G. Striz of the University of Oklahoma was the
research institute counterpart; Mr. D.J. Neill of UAI and Dr. M. Karpel of Technion served as
consultants to the present contract.

During the course of the present phase of the development in ASTROS, the technical advice and

assistance that the ZONA Team received from Mr. Ray Kolonay, Dr. V.B. Venkayya, Mr. Ed
Pendleton and Mr. Larry Huttsell of Wright Laboratory are gratefully acknowledged.
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SECTION 1
INTRODUCTION

Current performance of advanced fighters and bombers requires high maneuverability, agility
and stealth under a wide range of flight conditions. Their design goal tends to achieve at more
flexible and less inherently stable aircraft throughout the complete
(subsonic/transonic/supersonic) flight regime.

One such advanced conceptual design is the Active Aeroelastic Wing (AAW, Refs 1, 2),
currently being pursued by the Air Force and Rockwell/North American. A recent design
concept of the high Speed Civil Transport (HSCT) also places particular emphasis on the fly-by-
wire control of the aircraft flexibility and its relaxed stability. Clearly, a system that could
handle such interactions between structures, unsteady aerodynamics and active control is
warranted. Such a system, known as Aeroservoelasticity (ASE), is a Multidisciplinary
Technology and has been in rapid progress over the last two decades (Refs 3-9).

Active Aeroelastic Wing (AAW) technology is a multi-disciplinary synergistic technology in
which the proper handling of the interaction between aerodynamics, control and structures would
allow a thin, high aspect ratio wing planform to be aeroelastically-deformed in achieving
optimum performance. Software support for the AAW design, such as ASTROS with an ASE
capability, would therefore be most desirable.

There exist two major developments in aeroelastic codes that can handle ASE to a certain extent,
namely, the ISAC code developed by NASA/Langley (Ref 3) and MSC/NASTRAN Version 68
. (Ref 10). However, neither one can handle the design/analysis ASE problem adequately in that
the ISAC code lacks the capability in optimization and design and MSC/NASTRAN's ASE
capability is not yet fully developed. In the last decade, ASTROS has made rapid progress (Refs
11-19) and has demonstrated its outstanding capability in many areas of MDO technology except
ASE. Thus, the proposed Phase I work in the development and integration of the ASE into
ASTROS, once accomplished, will become a cutting-edge software technology.

In Phase I of STTR (AF95T009), ZONA Technology, Inc. and its team members, Oklahoma
University, Universal Analytics, Inc. and Dr. Mordechay Karpel (the ZONA Team) have been
committed to the ASE development in ASTROS and have worked out the ASE Software Design
Blueprint for the ASE module architecture and its integration into ASTROS. In parallel to this
effort, a prototypical ZONA Aerodynamic (ZAERO) module (Refs 19, 20), which would readily
generate the Unified Aerodynamics (UAIC) for all Mach numbers and Unified S-Domain
Aerodynamics (USDA) for ASE applications, has been developed and properly interfaced with
ASTROS. A feasibility study, which included the testing of USDA as a tool for the flutter on
three wing planforms extending to the Transonic and Hypersonic flow regimes, was conducted
successfully. From these studies, it was demonstrated that the ZAERO module is by far a more
general tool than the current Aero Module in ASTROS. Also, it has become apparent that the
ZAERO-generated USDA is an excellent tool for ASE application, valid throughout the
complete flight regimes (Ref 20).

1 STTR Final Rpt050896




SECTION 2
THE ZAERO MODULE

2.1 i f the ZAERQ Modul

The ZAERO module consists of four major unsteady acrodynamic codes that jointly cover the
complete domain of all Mach number ranges, namely ZONAS51U, ZONA6, ZONA7 and ZTAIC.
As can be seen in Figure 2.1.1, the AERO modules currently integrated within MSC/NASTRAN
and ASTROS only possess purely subsonic and supersonic capabilities.

NONE NONE
DLM DLM
MSC/ i ASTROS ™
NASTRAN AERO
AFRO MODULE
0 5 10 0 5 10
MACH NUMBER MACH NUMBER

Figure 2.1.1 ZONA Aerodynamic Module.

By contrast, the ZAERO module serves as a unified aerodynamic tool which provides computed
data from unsteady pressures to GAF's throughout all Mach numbers by means of the unified
AIC approach. In fact, it is the UAIC of the ZAERO Module that has efficiently provided the k-
domain solution , and, hence, the s-domain solution for subsequent ASE application.

The development of codes in the ZAERO module have been the major endeavor of ZONA
Technology in the last decade. The following is a brief account of the capabilities of these four
computer codes; namely

o ZONASIU

» ZONA7/ZONA6
« ZTAIC
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o ZONASIU: Generates Unified Unsteady Hypersonic/Supersonic Aerodynamics for Lifting
Surface Systems (Refs 21, 22).

A Unified Supersonic/Hypersonic Lifting Surface Method has been developed by ZONA
recently (Refs 21, 22). This method combines the Supersonic Lifting Surface Theory (such as
ZONA35]1, Ref 23) with a nonlinear correction matrix E;; based on Donov & Linnell's uniformly
valid-higher-order Hypersonic/Supersonic scheme. 'i"his correction matrix takes the flow
nonlinearity as well as the flow rotationality due to oscillatory shock waves into account, which
covers both the Mach wave and Newtonian limits. For aeroelastic applications, ZONAS51U has
been applied to various wing planforms with thickness distributions (e.g. Rectangular Wings
with Diamond/Wedge profiles and a 70° Delta Wing, see Figs 2.1.2 and 2.1.3, Refs 21, 22).
Computed results are found to agree well with those computed by Euler methods; flutter results
are validated with measured data. It is found that ZONAS51U improves substantially over the
linear theory results in terms of pressures and stability derivatives, and provides more
conservative flutter boundaries due to the thickness effect. Furthermore, the input format of
ZONAS1U is nearly the same as that of ZONAS51 with only an additional input card on the Wing
Profile Slope. The CPU time for ZONAS51U is also comparable to that of ZONAS1.
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Figure 2.1.3 Flutter Boundary of a 70° Delta Wing with 6% Biconvex Airfoil Section.
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* ZONA7IZONAG6: Generates Unsteady Supersonic/Subsonic Aerodynamics for Aircraft
Configurations with External Stores (Refs 26, 27, 28, 29).

Prior to 1990, all unsteady aerodynamic methods for aeroelastic computations were based on
lifting-surface models (e.g. DLM, Ref 30). The aerodynamic effects due to the presence of
bodies and due to the wing-body interference are largely ignored. However, coupled external-
store wing flutter, a problem that is of frequent concern to the Air Force, cannot be resolved by
the lifting surface modeling alone. To demonstrate this effect, Fig 2.1.4 shows the stability
derivatives of a NACA wing-body combination based on wing-only and wing-body analysis
using ZONA7. Fig 2.1.5 presents the spanwise unsteady forces and moments of a NLR wing (F-
5 wing) with underwing fin-missile and pylon. It is seen that, in both cases, the discrepancies
between the wing-only results and the wing-body results are substantial.

ZONAG is the subsonic counterpart of ZONA?7 except that it includes the important body-wake
effect for fuselage and stores. It should also be noted that ZONAG6's lifting surface option
(referred to as ZONAG61) has the same order in paneling scheme as that of ZONAS5I and
therefore is more robust scheme than that of DLM (Ref 22). .

Fig 2.1.6 presents the out-of-phase pressures on two spanwise stations on a 70° Delta Wing. Tt is
seen that, using typical panel cuts, DLM breaks down at M = 0.8 and k = 0.5.

Fig 2.1.7 presents the unsteady pressure along the underwing store of a NLR Wing-Tiptank-
Pylon-Store configuration. It is clearly seen that large discrepancies exists between the body-
only and the wing-body results. : S
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o« ZTAIC: Generates Unsteady Transonic Aerodynamics for Lifting Surface Systems
(Refs 32, 33).

Since 1985, ZONA has been following up on the development of the Transonic Strip (TES)
Method originally supported by NAVAIR/ONR (Refs 31, 32) for unsteady flow computations of
arbitrary wing planforms. The TES method consists of two consecutive steps added to a given
nonlinear Transonic Small Disturbance Code such as ZTRAN (Ref 34), namely the chordwise
mean flow correction and the spanwise phase correction. Based on the TES concept, ZONA's
Transonic Aerodynamic Influence Coefficient (ZTAIC) method is developed to fully automate
the computation procedure resulting in a AIC matrix (Ref 33). The computation procedure
requires direct pressure input from other computed or measured data. Otherwise, it does not
require airfoil shape or grid generation for a given planform. Meanwhile, all the mean-flow
shock jumps are properly included in the resulting unsteady aerodynamics through the AIC
formulation. Results computed by ZTAIC have been validated with existing results for a number
of wing planforms with various aspect ratios. These include (shown here): the Lessing Wing at
M=0.9 (Ref 35, Fig 2.1.8); the LANN Wing at M=0.82 (Ref 36, Fig 2.1.9); and the Norhtrop F-5
Wing with control surface (Ref 37, Fig 2.1.10). More validated cases as a part of the cases
studied in Phase I will be shown in following sections. ZONA's essential improvement lies in
the ZTAIC code development, which not only can provide compatible transonic AIC's in accord
with ASTROS' format but also achieves considerable savings in computer time and reasonable
accuracy. Furthermore, ZTAIC has a user oriented input format which is fully compatible with
that of DLM.
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ibili f ZAER DA Meth

In Phase I, the proven feasibility study of the USDA focused mainly on the unified
hypersonic/supersonic and transonic flow regimes for proper verification with the existing
measured data and CFD results. Three major wing planforms were considered:

» the NASP Demonstrator Model (Ref 38) '
*» the AGARD Standard 445.6 Wing (Solid and Weakened Planforms) (Ref 39)
* the Modeled F-16 Wing (Ref 40)

In all of the figures, the ZONAS1U and ZTAIC codes were used to generate the k-domain
aerodynamics, first by means of ZONA's UAIC formulation. The USDA for each case is then
obtained through Karpel's expedient s-domain fit, called MIST (the Minimum State Technique,
see Eq (4.6.2), Refs 41, 42), on the GAF's of the k-domain aerodynamics. Finally, the s-domain
flutter results are presented in Root-Locus plots and were compared with those generated by the
V-g method.
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» NASP Demonstrator Wing

Fig 2.2.1 shows the physical dimensions and the aerodynamic modeling of this planform. Notice
that the wing cross-section is a hexagon profile.

Fig 2.2.2 presents the results of the Generalized Aerodynamic Forces (GAF's) for modes 3 and 4
in the s-domain at three hypersonic Mach numbers, namely M, = 5.0, 10.0 and 15.0.

In obtaining these results, MIST requires only five aerodynamic approximated roots covering a
range of reduced frequency from k = 0 to k= 0.75. It is seen that the correlation between the k-
domain results and that of the USDA are excellent.

Fig 2.2.3 presents the Root-Locus plot at these three Mach numbers for 8 modes. For cases at
M., = 5.0, 10.0 and 15.0, mode 4 is found to flutter at dynamic pressures qr at 130, 184 and 213

Psi, respectively.

Extensive comparison of various computed results has been carried out in the present NASP
wing case. In Table 2.2.1, the flutter results of ZONA51U using the V-g method (k-domain) and
using USDA (s-domain) are compared with those of Piston theory and the NASA CFD codes
(QSCFD2d and 3d, Ref 43). Several observations can be made with respect to the collected data:

- Good agreement is found between the flutter ¢'s of the V-g method and the s-domain method
based on ZONAS1U. Flutter frequencies are also found to agree well.

- Piston theory results follow the general trend predicted by ZONAS1U, except that the former
results tend to become overestimated at high Mach numbers.

- Substantial discrepancies are found between the NASA/CFD results and the ZONA51U
results: ZONAS1U predicts more conservative flutter speeds at higher altitudes, whereas the
NASA/CFD codes predict less conservative speeds at lower altitudes. In fact, ZONA51U
gives the most conservative answers for all cases in this study. Our confidence on these
flutter results stems from our thorough verification/validation of the ZONAS1U code (Refs
21, 22). However, further validation with test data is warranted for this particular study.
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h = Approximate matchpoint altitude.

Table 2.2.1
10.0 and 15.0.
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Comparison of Flutter Dynamic Pressures and Frequencies of NASP Demonstrator Model at M=5.0,
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» The AGARD Standard 445.6 Wing

The AGARD Standard 445.6 wing planform has two structural models: the solid wing and the
weakened wing. This is an ideal case for testing ZTAIC's AIC capability, since the aerodynamic
shapes of the two structural models are identical and, therefore, the AIC matrix remains the
same.

Fig 2.2.4 presents the flutter results of the weakened wing. At a subsonic Mach number, say M.,

= (.678, the ZTAIC result is in perfect agreement with that of ZONAG, as expected. At other
supercritical transonic Mach numbers, say Mo, = 0.95, ZTAIC predicts a pronounced transonic

dip which is comparable to results predicted by the CAP-TSD code (Ref 44).

Fig 2.2.5 presents the flutter results for the solid wing. Since the mean planform remained
unaltered for the acrodynamics, the AIC's used here would be the same as those used for its
weakened counterpart. Thus, only a re-start of the code (using the previously generated AIC
matrix) was required for all remaining cases. This amounted to only one minute of CPU time per
case, a great savings. Again, the ZTAIC results for these cases agree well with the CAP-TSD
result and measured data. This demonstrates that ZTAIC is ideally suited for aeroelastic
optimization, particularly in the ASTROS MDO environment. Fig 2.2.6 presents the MIST fit of
the GAF's for the 445.6 weakened wing at M, = 0.95. Unlike the previous cases, some slight
discrepancy is found in the GAF (1,2), which might be caused the stringent feature of the
supercritical mean flow at this Mach number.

Fig 2.2.7 presents the root-locus plot of the same case using the MIST fit results of the above.
The flutter speed predicted here (V= 1015 fps) is in reasonable agreement with the one predicted

by the V-g method (V, = 944 fps, see Table of Fig 2.2.4). The discrepancy is caused by slight
discrepancies in the MIST-fit in the transonic range (e.g. see Q;, of Fig 2.2.6).
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Figure 2.2.7 Root-Locus Plots of 445.6 Weakened Wing at M=0.95 Using S-Domain Aerodynamics Computed
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* Modeled F-16 Wing

Fig 2.2.8 presents the structural model and the flutter boundary of a modeled F-16 wing. It is
seen that the flutter results of ZTAIC are in good agreement with those of XTRAN3 and
CAPTSD, particularly at M, = 0.95. It should be noted that the flutter mechanism changes from
M., = 0.9 to Mo, = 0.95, as indicated by the jump in the flutter frequency (from 6.8 Hz to 19
Hz). ZTAIC concurs with the other two codes in the prediction of this mechanism.

Fig 2.2.9 presents the MIST-fit of the s-domain results for four GAF's. For this case, MIST
achieves a better fit than for the case of the 445.6 wing. Notice that the dotted lines in the
background is the fitted subsonic GAF's using ZONA6. Substantial differences can be seen
between the results of ZTAIC and ZONAG®, showing strong transonic characteristics for this wing
at Moo =0.95.
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XTRAN3.
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SECTION 3
AERODYNAMIC GEOMETRY MODULE (AGM)
3.1  The Aer mi metry Module of ZAER

The development of the Aerodynamic Geometry Module (AGM) is motivated by the lack of a
unified input format for various aerodynamic methods which would compute the steady and/or
unsteady aerodynamics in their valid Mach number ranges. Specifically different flight
conditions require different computational methods and, consequently, require different
geometric parameters of the aerodynamic configuration. The proposed AGM will provide
ASTROS' AERO module with a universal set of geometric definitions for the ZONA6, ZONA7,
ZONAS51U and ZTAIC codes in ZAERO Module. With the understanding that the USSAERO
code, currently imbedded in ASTROS' AERO Module, will be replaced by other higher-order
panel methods, the AGM will also have the capability of interfacing with other higher-order
panel methods such as QUADPAN, PANAIR and ZONAIR (Refs 24, 25).

With respect to the geometric definitions, there are generally three types of panel methods (for
both steady and unsteady codes):

(1) Lifting Surface Methods: The singularity is placed on the mean-surface of the lifting
surface such as the Doublet Lattice Method (DLM), Constant Pressure Method (CPM),
ZTAIC, ZONAS51U, ,and the Carmichael flat plate method.

(i) High -Order Surface Panel Methods: The singularity is placed on the exact surface of
the configuration. There is no discrimination between body-like components and wing-
like components. These methods include QUADPAN, PANAIR and ZONAIR.

(ili) Hybrid Methods: The singularity is placed on the mean surface of the wing-like
components and on the exact surface of the body-like components. These methods
include ZONA6 and ZONAT.

Based on the aforementioned, two types of input will be incorporated into AGM: the "surface-
panel” input for higher-order panel methods and the "thin-wing" input for the lifting surface
methods. For hybrid methods, no additional type of input is needed, since the connectivity
between the "thin-wing" and the "surface-panel" can be suitably defined.

Surface Panel Input

The most convenient way to define surface panels for modeling an arbitrary configuration is the
NASTRAN type of input. Five new bulk data entries will be employed: AGRID, AQUAD,
ATRIA, AQDMEM and ABAR.

AGRID defines a location of an aerodynamic grid. AQUAD and ATRIA define a quadrilateral
and triangular surface panels, respectively. AQDMEM is used to model an arbitrary wake panel.
ABAR defines a flat wake sheet extending from the wing trailing edge or the end of a truncated
body to infinity. Fig (3.1.1) demonstrates the use of these new bulk data entries in modeling an
arbitrary wing-body-tail configuration.
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AQDMEM

Figure 3.1.1 New Bulk Data Entries for Aerodynamic Modeling of an Arbitrary Wing-Body-Tail
Configuration.

The boundary condition of a solid body in inviscid flow is satisfied by imposing the zero-normal-
flow condition (no flow can penetrate into the body) on the body surface. However, this is not
true for an inlet face where the flow is allowed to penetrate into the body. To define this kind of
boundary condition, all AQUAD and ATRIA cards are referred to as a set of "property cards"
defined by the PAERO bulk data entry. The PAERO card allows the user to specify the
percentage of the mass flow ratio that is allowed to penetrate into the body. The value of this
percentage can be found based on the engine operating condition (e.g., for zero mass flow ratio,
the zero-normal-flow condition is imposed).

The user may often be interested in computing aerodynamic loads on a group of components
(e.g. the loads on an external store). A new bulk data entry "ACORD" is defined which specifies
the identification number of a local coordinate system and the identification number of a group
of components.

In what follows, detailed definitions for each of the above new bulk data entries are given.

e  Input Data Entry: AGRID

Description: Defines the location of a geometric grid point of the aerodynamic model.
Format and Example
1 2 3 4 5 3 7 8 9 10
AGRID ID CORD X Y Z
AGRID 2 3 1.0 2.0 1.0
Field:
i) Aerodynamic grid identification number (integer > 0}
CORD Identification number of ACORD bulk data entry (integer > 0)
X, Y, 2 Location of the grid point in the local coordinate system defined in

the ACORD bulk data entry
. Input Data Entry: AQUAD

Description: Defines an aerodynamic surface panel that has four corner points
(quadrilateral panel).

Format and Example

1 2 3 4 5 6 7 8 9 10
AQUAD ID IiP ID1 ID2 ID3 ID4
AQUAD 3 1 2 3 3 7

22 STTR Final Rpt050896




D Identification number of the surface panel (integer > 0)

P Identification number of PAERO bulk data entry for defining the
aerodynamic boundary condition on the panel (integer > 0)

ID1, Ib2, ID3, ID4 Four AGRID ID's specifying the corner points of the panel

Remarks: ID1 ID4
The sequence of the four grid ID's defines the out-

normal of the AQUAD panel. For an cbserver standing

on the wet surface (the surface on which the flow is

passing) of the panel, the sequence of these four

grids must follow the right-hand-rule as shown in

the figure to the right.

D2 D3
. Input Data Entry: ATRIA
Description: Defines a aerodynamic surface panel that has three corner points (triangular
panel) .
Format and Example
1 2 3 4 5 6 7 8 9 10
ATRIA ID IP ID1 ID2 ID3
ATRIA 4 1 3 4 7
Field:
1D Identification number of the surface panel (integer > 0)
g Identification number of PAERO bulk data entry for defining the
aerodynamic boundary condition on the panel (integer > 0)
D1, Ip2, ID3 Three AGRID ID's specifying the corner points of the panel
Remarks;

The sequence of the three grid ID's defines the out-normal of the ATRIA panel. For an
observer standing on the wet surface (the surface on which the flow is passing) of the panel,
the sequence of these three grids must follow the right-hand-rule.

. Input Data Entry: AQDMEM

Description: Defines a wake panel on an arbitrary wake surface that is shed from the
trailing edge of a wing or the end section of a truncated body.

Format and Example

1 2 3 4 5 6 7 8 9 10
AQODMEM ID IP ID1 ID2 ID3 ID4
AQDMEM 7 — 3 4 6 8
Field:
D Identification number of AQDMEM (integer > 0)
Ir Not Used

Ipi, ID2, ID3, ID4 Four AGRID ID's specifying the corner points of the panel
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Remarks:

1.

Description:

The figure to the right shows an arbitrary wake
surface shed from the trailing edge of the wing
and end section of the body. AQDMEM cards are
employed to model this wake surface.

The AQDMEM immediately behind the trailing edge
must be attached to the wing/body trailing edge
(i.e. the grid ID of the leading edge of AQDMEM
must be identical to the grid ID of the trailing
edge of the wing/body) .

On the wake surface, the boundary condition
ég=0 is imposed.

ox

Input Data Entry: ARAR

Format and Example

AQDMEM

L1

Body
Wake el L

Tip
Roll Up

Defines a line segment from which the wake is shed downstream to infinity.

1 2 3 4 5 6 7 8 9 10
ARAR ID IP ID1 ID2
ABAR 3 — 2 4
Field:
ID Identification number of the ABAR bulk data entry
P Not Used
Ip1, ID2, ID3 Two AGRID ID's defining the line segment
Remarks:
1. If the wake surface is assumed to be a flat sheet extending from the trailing edge of the
wing/body, one ABAR is sufficient to define one strip of the wake sheet.
2. ABAR must be attached to one, but no more than one, AQUAD or ATRIA, (i.e. the line
segment must be one of the sides of a AQUAD or ATRIA panel.
3. The wake sheet shed downstream from the line D2 - o
segment is demonstrated in the figure to the ¥ '
right. The edge of the wake sheet starts from Y/ Wake Sheet
the grid point and stretches to infinity, D1 >
parallel to the X-axis.
4. For a truncated end body, the ABAR's must be hb\ ke P -
attached to the trailing edge of all panels at P w
the end of the body. 2 ke Sheet
Wake Shest ©
5. In modeling a thick wing type of body, two grid

points with the same X, Y and Z locations must
be specified at the trailing edge of the body.
Two ABAR's are attached to the upper and lower
side of the trailing edge. 1In this way, the
potential Jjump of the wake effect can be
represented by the potential difference between
these two wake sheets.
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. Input Data Entry:

Description:

PAERO

Defines the aerodynamic boundary condition of a surface panel.

Format and Example

1 2 3 4 5 6 7 8 9 10
PAERO ID FLWRT
PAERO 3 0.0
Eleld:
hin} Identification number of PAERO
FLWRT Amount of mass ratio (in percentage) which is allowed to penetrate

into the panel

FILWRT=0.0 represents a solid surface (the zero-normal-velocity
boundary condition is imposed)

FLWRT=100.0 represents an inlet face with no flow leakage

. Input Data Entry: ACORD
Description: Defines a group of aerodynamic components.

Format and Example

1 2 3 4 5 6 7 8 9 10
ACORD ID CP DELTA XMCNT YMCNT ZMCNT
ACCRD 3 7 0.0 1.0 2.3 4.0
Fi :
s} Identification number of the ACORD bulk data entry (All AGRID data
entries must refer to ACORD)
CcP Identification number of local coordinate system in which the
Jocation of AGRID is defined
DELTA Inclination angle of the body axis to the free stream defined in the

local coordinate system, positive nose up, and measured in degrees.
This parameter will not change the panel position. Its effect is
introduced in the boundary condition. Therefore, DELTA must be a
small value. Since most under-wing stores have a small inclination
angle to the free stream, this input would facilitate the user with a
simpler definition of inclined bodies

Pitch and yaw moment center defined in the local coordinate system
and used only for calculating the pitch and yaw moment of each
subsystem

XMCNT, YMCNT, ZNCNT

Lifting Surface Input

In defining an aerodynamic panel element (a lifting surface), the CAEROI1 data entry of
ASTROS is modified to cope with the thickness distribution for ZONA51U and steady pressure
distribution for ZTAIC. The connectivity of the lifting surface to a surface panel model can also
be specified. This is done by defining a new bulk data entry "CAERO7" as follows:

e  Input Data Entry: CAERO7

Description: Defines a lifting surface (panel) for the ZONA6, ZONA7, ZONAS51U and ZTAIC

methods.

Format and Example

1 2 3 4 5 6 7 8 9 10
CAERO7 EID IP NSPAN NCHORD LSPAN ISCP +ABRC
CAERO7 1 1 10 10 3 2
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1 2 3 4 5 6 7 8 9 10
CAERQ7 XRL YRL ZRL: RCH LRCHD RE'OIL +AB
+ABC 0.0 0.0 0.0 1.0 3 1
1 2 3 4 5 6 7 8 9 10
CAERO7 XTL YTL 2TL TCH LTCHD TEOIL
+AB 0.0 1.0 0.0 0.5 10 1
Field:
EID Identification number of CAERO7
P Identification number of ACORD entry specifying the group of the
CAERO7
NSPAN Number of spanwise boxes
LSPAN Number of chordwise boxes
ISCP Identification number of ITAIC entry for specifying the steady
pressure input of each strip (Used only for the ZTAIC method)
XRL, YRL, ZRL Location of the leading edge at root in the local coordinates and
defined in the ACORD entry
RCH Root chord length
LRCHD If LRCHD>0, LRCHP is the identification number of an AEFACT data
entry containing a list of division points for chordwise boxes along
the root chord
If LRCHD<0, -LRCHD is the identification number of an AEFACT data
entry containing a list of AGRID ID's. Thus the root is attached to
a surface panel model. This provides the "connectivity" information
of the lifting surface model with the surface panel model.
RE'OIL Identification of a PAFOIL entry specifying the thickness and camber
of the airfoil at the root (Only used for the ZONA51U method)
XTL, YTL, ZTL Same as XRL, YRL, 2ZRL, but for the tip
TCH Tip chord length
LTCHD Same as LRCHD, but for the tip
TFOIL Same as RFOIL, but for the tip

. Input Data Entry: ITAIC
Description: Defines a set of AEFACT entries for steady pressure input for each strip.

Format and Example

1 2 3 4 S 6 7 8 9 10
ITAIC 1SCPp NX1 IAX1 TACPUL TACPLL NX2 IAX2 IACPU2 +ABC
ITAIC 4 20 1 3 3 20 1 4

1 2 3 4 5 6 7 8 9 10
ITAIC IACPL2 - — — NXN TAXN JACPUN IACPIN +ABC
+ABC 3 — — —— 21 10 1 2

Field:

isce Identification number of ITAIC indexed by the CAERO7 entry if the
ZTAIC method is used

NXi The number of steady pressure points to be input along the i-th strip

TAXi ID of AEFACT entry that defines NXi number of X locations of the
steady pressure (0.0 £ X £ 1.0) of the i-th strip

IACPUL ID of AEFACT entry that defines NXi number of pressure coefficients
on the upper surface of the i-th strip

IACPLi ID of AEFACT entry that defines NXi number of pressure coefficients

on the lower surface of the i-th strip
Remarks:

The total number of NXi, IAXi, IACPUi and IACPLi must be NSPAN, where NSPAN is defined in the
CAERO7 entry.
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. Input Data Entry: PAFOIL

Description: Defines the airfoil thickness and camber for the ZONA51U method.
Format and Example
1 2 3 4 5 3 7 8 9 10
PAFOIL PID NX TAFX JATU TATL ICAM RADIUS
PAFOLL PID 21 3 4 7 5 0.10

Field:

PID Identification number of PAFOIL indexed by the CAERO7 entry

NX Number of X locations in percent chord to define the thickness and
camber (0.0 £ X < 100.0)

TAFX Identification number of AEFACT entries containing NX numbers of X
locations. The first and last values must be 0.0 and 100.0,
respectively.

IATU Identification number of AEFACT entries containing NX numbers of
upper surface ordinates in percent chord

IATL Same as IATU, but for the lower surface

ICAaM Identification number of AEFACT entries containing NX numbers of
camber ordinates in percent chord

RADIUS Radius of leading edge in percent chord

It is sufficient that all geometric data needed by the ZONA6, ZONA7, ZONA51U and ZTAIC
codes can be provided by the new bulk data entries. We believe that the proposed AGM is also
capable of coping with other higher-order panel codes if they are incorporated into ASTROS.

3.2 neration Of Aer mic Inflyen fficient (AIC) Matri

The primary function of the ZAERO module is to generate Unified Aerodynamic Influence
Coefficient (UAIC) matrices for the entire Mach range. Since, by definition, the AIC matrix is
independent of the structural deformations (i.e. the modes), the ZAERO module will be
incorporated outside of the ASTROS optimization loop. All AIC matrices are computed only
once and saved in the CADDB database.

Once all of the AIC matrices are generated by ZAERO, the Generalized Aerodynamic Forces
(GAF's) for each optimization step have to be computed. Since the UAIC's GAF's share the
same definition as those generated by the Doublet Lattice Method (DLM) and Constant Pressure
Method (CPM), the GAF's can be adopted directly by ASTROS' p-k method for flutter
analysis/design.

In what follows, the AIC matrices of the ZAERO module (including ZONA6, ZONA7, ZTAIC
and ZONAS51U) are formulated. In the absence of a surface panel model these AIC matrices are
equivalent the "QKK" matrices of ASTROS generated by the DLM or CPM lifting surface
methods. However, for surface panel methods, these AIC formulations are generalized for wing-
body configurations and are discussed as follows:

Influence Coefficient Matrices For Wing-Body Configurations

As discussed in the Aerodynamic Geometry Module (AGM), ZONAG6 and ZONA?7 are the hybrid
methods in which the aircraft configuration is broadly divided into two categories: the body-like
components modeled by surface panel methods and the wing-like components by lifting surface
methods. A constant unsteady source singularity (o) is applied on each body panel, while, a
constant unsteady pressure singularity (ACp) is distributed on each wing panel. Five influence
coefficient matrices, namely [PIC], [UIC], [VIC], [WIC] and [NIC] for the potential axial
velocity, lateral velocity, vertical velocity and normal velocity influence coefficient matrices,
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respectively, are constructed to relate the unknown singularities (¢ and ACp ) to the perturbation
potential {@} and velocities {u}, {v} and {w} at all panels, i.e.

(¢} =[PIC] { AgP} = [JI:II(,C’;‘; ﬁllgx} { Ag,,} (3'2‘1?
(u) = [UIC]{ }=[5fg§$ g}gx]{A‘C’P} (3.22)
{v}=[viC] { Cp}= 3}5;; “,’fg%}{é&} (3.2.3)
{w} =[WIC] {Agp}=[$}g§; %ggg]{AgP} (3.2.4)
(wnwr-ij-pcil @ |-[Ncw Mo o |

where n = nyi + ny + n;k is the out-normal vector of each panel and the subscripts denote:

BB = the influence at the body control points due to the body panels
BW  =the influence at the wing control points due to the body panels
WB = the influence at the body control points due to the wing panels

WW = the influence at the wing control points due to the wing panels

Notice that unlike the lifting surface methods, such as the Doublet Lattice Method (DLM) and
Constant Pressure Method (CPM) in which only one influence matrix is required, namely, the
partition matrix NICy,y in Eq (3.2.5), the wing-body configurations require five matrices for the
unsteady force computations. The unknown singularities 0 and ACp are solved by relating the
right hand side of Eq (3.2.5) to the wing-body boundary conditions which will be discussed next.

Unsteady Wing-Body Boundary Condition

The boundary condition of the wing-like component (lifting surface method) is the well known
expression:

(w,v,w)sn=Fy (3.2.6)

where Fw = % + ikh
ox
h is the normal displacement (or the mode shape)

a—h is the slope of &
ox

Eq (3.2.6) is the standard boundary condition employed for the lifting surface methods such as

DLM, CPM, ZONAS1U and the ZTAIC codes. For an arbitrary body-like component
experiencing oscillatory motion, the body fixed boundary condition on the body surface reads:
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(V -Vg)em=0 ats,=0 (3.2.7)
where

So = So(x,y,z), the mean body surface function

V = total flow velocity on the body surface S, = 0

VB = the velocity due to the body surface motion

The elastic body modes can be generalized to contain two sets of components, namely, the one
defined in the pitch plane 4,, and the one defined in the yaw plane hy. Perturbing Eq (3.2.7) with
respect to the small elastic body modes 4, and h,, results in a generalized unsteady boundary
condition in the body-fixed system:

(,v,w)en=Fp (3.2.8)
where
Fs = -mnbyuo + ikhy) - nlny + ik hr)
-yemalbyuo + ikhy') - m(hy + ik hy) (3.2.9)
z,ys = thez andy coordinate of the control point
Uo, = the steady perturbation velocity in the x-direction
hz, hy = body mode shapes projected in the x-z and x-y plane respectively
h;-, h;', = the slopes of hz and Ay respectively
h; , hy = the curvatures of hz and hy respectively
L " 2
(), () = ad;( ),ﬁ( ), differential operator with respect to x.

Note that in the boundary condition for lifting surfaces, Eq (3.2.6), the downwash function Fw
is only a function of the wing mode / and the reduced frequency k. By contrast, the downwash
function Fp of Eq (3.2.9) for bodies is a function of normal vector 7 , the steady velocity, the
mode shapes ky and k; and their derivatives, and reduced frequency . This implies that while
the unsteady lifting surface solution is totally uncoupled from the steady mean flow influence,

the unsteady body solution must include the steady mean flow influence which enters through
the boundary condition, Eq (3.2.9).

In contrast to the Fy expression in Eq (3.2.6), the Fj expression in Eq (3.2.9) contains second
order derivatives in 4z and hy, which are related through a required transformation from the win g-
fixed coordinate system to the present body-fixed coordinate system.

Combining Egs (3.2.5), (3.2.6) and (3.2.8) yields the unknown singularity strength on the wing-
like and body-like components, i.e.

|

o
ACp

} =[NICT (3.2.10)
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Pressure Coefficients, Generalized Forces

Based on the work of Garcia-Fogeda and Liu (Ref 45), the unsteady pressure coefficient on the
body-like component expressed in the body-fixed coordinates, reads

C, = -ZSO{(1+uO)(u -zsh, Uy - s h;uo) + VoV + Wow

v Bow, + Byve + k(@ + hwo + hy, - zshyu, - Yehyu,) (3.2.11)
where
1

-1 71
So = [I-Y—Z—Mi(Zuo + ug +vg + woz)}

the steady mean perturbation velocities on the body
the unsteady perturbation potential and velocities on the body

Ugs Vo, Wo
o, u,v,w

According to Eq (3.2.11), the unsteady pressure on body involves the steady solution of
Uo, Vo and w,. In principle, Eq (3.2.11) is also applicable to lifting surfaces. When placed at

zero degrees angle of attack, the steady velocities for lifting surfaces are u, =v, =w, = 0.
Eq (3.2.11) is then reduced to the well-known expression,

AC, = -2{u +ik ¢) (3.2.12)

It should be remarked that the unsteady pressure C, for bodies, Eq (3.2.11), involves coupling
terms with the perturbation velocities of the steady mean flow, which incorporates the body
thickness effect. By contrast, the unsteady pressure AC, for lifting surface, Eq (3.2.12) is
uncoupled from the steady mean flow term.

The generalized aerodynamic forces (GAF's), defined as the work done by the unsteady forces,
can be expressed in terms of the mode shapes and the pressure coefficients, i.e.

NB (I (D
Q7 = Y, CIS,-”AB.-[(nxth‘ ZB;+nxdh‘ )’Bs)'("zﬁ(:”“‘””yuhg ))}

i=1 dx dx
NW
+ Y ACSPAwh® (3.2.13)
i=1
where

CS’ = the unsteady pressure coefficient of the i-th body panel due to the J-th mode
ACS? = the unsteady pressure jump of the i-th wing panel due to the J-t2 mode
As, = the area of the i-th body panel
Aw, = the area of the i-th wing panel

hé,.”, h(;” = the I-th mode shape of the pitch and yaw planes on the i-t body panel

ani’ dniP

T’ —Zx_ = the slope of the I-th mode shape of the pitch and yaw planes on
the i-th body panel

B = the I-th mode shape on the i-th wing panel
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NB, NW are the number of body panels and wing panels, respectively

When the generalized forces for the body component (first summation terms of Eq (3.2.13) ) are
compared with that for the wing component (the second summation term), it can be seen that the
terms associated with the I-th mode in Qy; due to the body thickness effect are essentially

(I I
; dhy,
‘ddxz 23,-+nx,.dx' V5

This term is not accounted for in the slender-body approach employed in the Doublet Lattice
Method.

Solution Procedure For Computing Unsteady Pressure And Generalized Forces Of Wing-Body
Configurations

Fig (3.2.1) presents the solution procedure in obtaining the wing-body unsteady pressure and
generalized forces, which develops as follows:

Lincarized Equation for ¢
B0, +9,, +9,,~ M, + M6, =0

0=0,+0 ¢
For ¢o For ¢1
Steady Body Steady Wing Unsteady Body| |Unsteady Wing
Kemel Kemel Kemel Kemnel
Calculation Calculation Calculation Calculation
Steady Boundary Condition Unsteady Influence
and Influence Coefficient Matrix Assembling
Matrix (Real Matrix)
Matrix Decomposation and |y v w, Unsteady Boundary
Solution of Steady Condition Calculation e
Velocity Components
Matrix Decomposation and Structural
Solution of Unsteady Potential | }— Modcs
and Velocity Components
Uy Vo Yo Unsteady C,,
> Calculation e
Unsteady Generalized Forces
for Flutter and .
Aeroelastic Analysis

Figure 3.2.1 Flow Chart of ZONA6/ZONA7 Computation Procedure.
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a) Solve for steady perturbation velocities 4o, Vo and w,.
b)  Construct Influence Coefficient matrices [ UIC ],[ VIC ],[ WIC ],[ PIC Jand[ NIC ].

¢) Construct Downwash functions Fz and Fw of Egs (3.2.6) and (3.2.9); perform matrix
decomposition on [ N/IC ] and solve for ¢ and AC, from Eq (3.2.10).

d) Compute unsteady velocities #, v and w and unsteady potential ¢ according to Egs (3.2.1)
through (3.2.4).

e) Compute unsteady pressure C, on body according to Eq (3.2.11).
f)  Compute generalized forces Q;; according to Eq. (3.2.13).

The above procedures require the structural modes in the computations of the downwash
functions Fg and Fy, the unsteady pressure computation of C, and generalized forces Q;;. This
implies that these computations must be within the design loop of ASTROS which would be
computationally inefficient. Therefore, reformulation of the above procedures to construct a set
of AIC matrices which are independent of the structure is required for ASTROS
design/optimization.

Construction Of Unified Aerodynamic Influence Coefficient (UAIC) Matrices
The definition of AIC is a square matrix which relates the downwash to the unsteady and lifting

forces. To construct an AIC matrix for wing-like components is rather straightforward. It can be
obtained according to the following derivation:

(Luing) = (1011 4w)][nrc I [P} (3214
where

{Lwing } = the normal forces on wing panels

[ Aw | = a diagonal matrix in which the element Ay, represents the area of the

i-th wing panel
The procedure to obtain AIC for the body-like components is more complicated than that for

wing-like components. Rewriting Eq (3.2.11) in matrix form and multiplying by the body panel
area yields:

oo} = [[Bw ], [Bw 1] |22} + {a)

(3.2.15)
where

[[Bss], [(Bwsl] = [ 4s |[-25,) {mqu [UICa ], [UICwa ] |

+ [vo] [[VICBB], [VICWB]]
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+ [wol [[WICBB],[WICWB]]

(3.2.16)
+ [ ik | [[PICBB], [PICWB]} [NICT1
{Lbody} = the normal forces on body panels,
d = -2A8, [-(1+u) zs by uo + y5 hyu,)
+ hz' wo + hy' Vo + ik( howo + hyv, - th;uo - ysh;uo)
(3.2.17)

[ As | = the element Ajp; represents the area of the i-th body panel

Combining Eqs (3.2.14) and (3.2.15) and separating the modes and the influence coefficients
reveals that six matrices are required to relate the modes to the panel forces.

2
L hz dhy d b
bOdy} = [AICz]{ ] + [AIsz] gZ + [A[CZXX] de?
| dhy &\
Y 2
+[AICy]{O’+[AIny]\ix + [ AICwx ] d(’; ’ (3.2.18)

where [AICZ], [AICzx] and [AICzxx] are the AIC matrices that relate the vertical displacements
and their slopes and curvatures to the forces on the body and wing components respectively,
whereas [AICy], [AICyx ] and [AICyxx ] are for the lateral motion.

The construction of the six AIC matrices requires a major modification of the current
ZONAS1U, ZONA6, ZONA7, ZTAIC codes. The ASTROS matrix utility routines will be used
for the matrix manipulations of Eqgs (3.2.14) through (3.2.18).

Spline Matrix Of Wing-Body Configurations

Eq (3.2.18) shows that in addition to the modes and slopes, the curvatures are also required in
computing the wing-body unsteady aerodynamic forces. The surface spline technique in
ASTROS can be adapted directly for the modal interpolations of lifting surface models (i.e.
wing-like components). Similarly, the beam spline technique of ASTROS can be adapted
directly for the interpolations of modes and slopes on surface panel models (i.e. body-like
components). However, the interpolation technique of curvatures is lacking in the current
version of ASTROS. A new beam spline technique will be developed that adopts the current
ASTROS' beam spline technique as a basis and computes the curvature through analytical
differentiation of the slopes.

Once the new beam spline technique is developed, spline matrices can be defined to relate the
modal data at the structural grids to the modes, slopes and curvatures at the aerodynamic grids.
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Consequently, the six AIC matrices defined in Eq (3.2.18) can be transformed into the structural
grids by substituting these spline matrices into equation (3.2.18) and the generalized
aerodynamic forces can be computed based on equation (3.2.13) accordingly.

ASTROS/ZAERQ Integration

Under the proposed effort, four new methods to generate the unsteady aerodynamic influence
coefficients for use in ASTROS' ASE analyses will be implemented. The original Doublet
Lattice Method (DLM) and Constant Pressure Method (CPM) will be modified to conform to the
new aerodynamic matrix formats which will be required to support the archived import features
that are proposed for all AIC generation methods.

For integration into ASTROS, two complexities have been introduced that require modifications
to ASTROS. First, with the advent of numerous methods in each Mach range, the user must tell
ASTROS which method to use. In the past, the Mach number essentially played that role.
Secondly, ASTROS must identify the AIC's by more than the Mach number, reduced frequency
and symmetry (M, k, sym) triplet that is used for DLM and CPM. Now the method (ZONAS51U,
ZONAG6, ZONA7 and ZTAIC) and splining strategy must be stored as well. In order to make the
grouping more straightforward, and to allow the ARCHIVE/IMPORT features to support ASE
response analyses, ASTROS will be modified to allow the user to name a collection of input
describing a discretized aerodynamic configuration. That named model can then be ARCHIVED
or IMPORTED as a single entity (i.e. a single collection of database entities).

To support the new methods in a more straightforward manner, the proposed AGM
(Aerodynamic Geometry Module) will be implemented to create a single form (set of database
 entities) that is capable of describing all the various parts of any of the supported methods.
Those geometrical descriptions that are common will be indistinguishable, with additions and
modifications handled using rationalized database structures (relations and/or matrices).

The existing DLM and CPM in ASTROS will be modified to require their geometrical
description in the same form as that of the AGM. This implies that the UNSTEADY module in
ASTROS will be broken apart into a geometry engine and a computational engine. These
improvements would become permanent features in standard ASTROS.

Another ramification of the ZAERO module is that the splining methodology will become
method-dependent. Lifting surfaces in ASTROS are already treated differently than bodies - the
surface spline is only available for lifting surfaces. While the basic spline technologies (beam
spline and infinite surface spline) are adequate, their application will become method dependent.
This implies that the ASTROS low level spline code will be used within an augmented SPLINE
module that will handle the new requirements. First among the necessary changes is to make use
of the AGM geometrical descriptions rather than the current ASTROS capabilities.

As a potential follow-on effort, the AGM geometry (which is very similar to an FE mesh) would
be made available in forms compatible with graphical pre/post processors to display aerodynamic
output quantities graphically. These features become readily available once the AGM and AIC
data are archived to a CADDB database. External software could be developed by the end-user
or third parties to support AIC model development in a very general way. This potential offers a
chance to resolve one of the major limitations of ASE analysis in commercial FE codes in that
the FE codes do not support "model checkout" and debug features for the unsteady aerodynamic
model.
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SECTION 4
SOFTWARE DESIGN BLUE-PRINT OF ASTROS/ASE MODULE

4.1 rios for ROS/A lication

As discussed previously in section D, the proposed ASTROS/ASE module, once integrated with
ASTROS, will bring to the ASTROS MDO environment a multidisciplinary synergistic
technology that will provide a quick turnaround aeroelastic design/analysis capability throughout
the complete flight regime. The following scenarios together with full-scale case studies of the
AAW will elucidate the more versatile features of the ASTROS/ASE capability.

Active Flexible Wing (AFW) Roll Performance with Flutter Constraints

ellal
a0,

20, 40, 0. &0, 00, 120,

Figure 4.1.1

Figure 4.4.1 presents an AFW wind tunnel model which has two leading edge and two trailing
edge control surfaces to meet the roll performance requirements. An initial control system
design satisfies these constraints but introduces antisymmetric flutter. With the proposed
ASTROS/ASE module, the control gains of the four control surfaces are added to the list of the
design variables. The new ASE module and the static aeroelastic module are employed to
optimize the control gains and the structural design variables for satisfying the flutter and roll
performance constraints with a minimal weight penalty.

Trade-Off Study of Gust Load Alleviation by Passive and Active Means

— outboard

aileron
accelerometers

Dryden gust
spectrum

elevalor

Figure 4.1.2
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A drone aircraft such as the DAST (Drones for Aerodynamic and Structural Testing, Ref 46)
shown in figure 4.1.2, is experiencing excessive wing root RMS bending moment in open-loop

continuous gust analysis. With the new ASE module, the baseline structure is used as a starting '

point for two design studies:

» Passive Design - Add gust response constraints and repeat the structural design process.
» Active Design - Extract the plant state-space model for designing a load alleviation
control system outside of ASTROS.
- Due to the control system limitations, the control law helps but does not
fully satisfy the gust response requirements.
- Redesign the structure in the presence of the control system with gain-
margin, phase margin and singular value constraints added to the list of
constraints.

The results of both of the design are compared for trade-off studies of structural changes versus
complexity of the control system. :

Store-Flutter Suppression of a Generic Advanced Fighter (GAF) with Structural
Uncertainties A

Figure 4.1.3

Figure 4.1.3 shows a generic advanced fighter (GAF) with various store carriages for the air-to-
ground mission, requiring flutter clearance assurance. However, uncertainties of the
stores/pylons structural properties may introduce an unexpected flutter problem which could be
resolved by a robust control system for store flutter suppression. The state-space matrices of the
aircraft with external stores and the derivatives of these matrices with respect to the structural
properties of the stores/pylons will first be generated by the new ASE module. MATLAB's -
analysis tool box will then be used to design a control system which suppresses flutter over a
range of parameter uncertainties. The designed control law will be introduced to ASTROS for
the verification with various store models at different flight conditions.

Full-Scale Active Aeroelastic Wing (AAW) Studies

The concepts of Active Aeroelastic Wing (AAW) Technology envision the use of wing
aeroelastic flexibility as an advantage, with the wing control surfaces employed as tabs to
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promote wing twist for aerodynamic control, whereas the current practice is to increase the wing
stiffness in order to minimize flexibility. The AAW could offer a wing system that is
significantly lighter in weight than current supersonic fighters while improving controllability
and aerodynamic efficiency. AAW technology has been demonstrated through analysis and
wind tunnel modeling (Refs 1, 2), and a full scale flight demonstration will be performed in the
near future as evidenced by the recent PRDA from the Air Force. While keeping the wing
sufficiently flexible, the Active Aeroelastic Wing may be subjected to a number of dynamic
aeroelastic problems such as flutter, gust response, and/or store flutter. Apparently, flutter
suppression and gust load alleviation by active means would be the feasible solution, which calls
for a multidisciplinary design/analysis capability such as the proposed ASTROS/ASE software
system. The ZONA team will, by utilizing the ASTROS/ASE module, perform a parallel study
of the AAW full scale model design/analysis. The outcome of the full scale flight demonstration
could also serve as a validation test case for the ASTROS/ASE module. ZONA Technology is
currently working out with North American Rockwell/Seal Beach, CA, a MOU concerning the
possible data exchange and collaboration on the proposed AAW project.

The following sections layout a software design blueprint of the proposed ASTROS/ASE
module. A detailed flowchart of the ASE module that depicts all of its submodules and their
interrelationships is represented. The functions of each submodule and its input and output in
terms of matrix entities are discussed. Interrelationships between submodules are also identified
in terms of ASTROS/MAPOL sequences and the CADDB database management system. New
bulk data entries are defined as required.

4.2  Overview of the ASE Module

The planned ASE module will facilitate the inclusion of multi-input multi-output (MIMO)
control system effects on the dynamic stability and response in the ASTROS multidisciplinary
analysis and design optimization software package. Its overall capabilities will include:

(1) Provide closed-loop robust stability analysis.

(i) Add continuous gust response capabilities.

(iii) Allow the inclusion of stability and gust-response constraints in structural design
optimization.

(iv) Allow the inclusion of user-defined control parameters of a given control law in the
multidisciplinary optimization process.

(v) Export an efficient state-space representation of the aeroservoelastic system for
subsequent analysis and control synthesis with commercially available tools such as
MATLAB and MATRIX x.

The ASE module will be based on state-space formulations. The structure is represented by a set
of baseline normal modes serving as generalized coordinates. The unsteady aerodynamic forces
will be represented by minimum-state rational approximations of the ZAERO module generated
transcendental frequency domain generalized force coefficient matrices. The control system will
be represented by a state-space realization of user-defined series of polynomial transfer
functions. A gust filter will be defined such that a white-noise input produces an approximation
of either Dryden’s or von Karman’s power spectral density (PSD) of atmospheric continuous

gusts.

The stability analysis and constraints will be based on root-loci, Nyquist curves and transfer-
function singular values in the frequency domain. The gust response analysis and sensitivities
will be based on the stochastic Lyapunov formulation.

A physical weighting algorithm will rate the aerodynamic data terms according to their
aeroelastic importance. These rates will be used for:
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(i) Weighting the data terms in the rational approximation process.
(i) Rating the modes for application of size-reduction techniques.

There will be several options for the reduction of the order of the state-space equations. These
options will allow a combination of modal truncation, static residualization, and dynamic
residualization.

The new features will be applicable to open-loop as well as closed-loop systems.

ZAERO ‘ Basic Structural
Aero Module Model
4 ASE MODULE
' |
| 1 2.1 Generalized l
| —— Matrices |
| Y |
I 2.2 Control »| 2-3 Rational Aerodynamic I
i Model Approximation |
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| 1 2.4 Control 2.5 State-Space |
| Margins ASE Model
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: l l I
I
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]
I Model Response 26 Flutter I
I
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—
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Other Step
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Figure 42.1 General Flow Chart of the ASE Module.
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4.3 Description Of The ASE Blocks

A flow chart of the computation sequence associated with the planned ASE capabilities is shown
in Figure 4.2.1. The flow chart is divided into three parts:

(i) Preface structural and aerodynamic blocks which construct the g-set finite-element
structural model and the k-set aerodynamic panel model, and the spline matrices that
convert displacements and slopes between the two sets.

(i) The ASE module which performs the new features overviewed above and detailed
below.

(iti) The design optimization part which reads the ASE constraints and their sensitivities,
combines them with those of the other ASTROS disciplines, and defines design
changes, unless the process is converged. This part will remain identical to the current
one, except for some possible minor changes.

The input, output and methods employed in the blocks of the ASE module and the new bulk data
entries for each block are described below.

4.4 Generalized Matrices

Generate the structural and aerodynamic generalized matrices for ASE analysis.

Input:

(1) g-set stiffness and mass sensitive matrices [DKVI] and [DMVI], associated with the
structural global design variables.

(i) The current values of the global design variables (v;).

(iii)) Aerodynamic AIC matrices, calculated by ZAERO module at user defined reduced-
frequency values (k)).

(iv) Kinematic modes generated by ZAERO in the aerodynamic grid:

» Control modes [¢kc] of control surface unit rotations.
*  Gust complex modes [¢g(ik1)] due to sinusoidal gusts.
* Load modes [(bkL] for calculating section loads such as bending moments or torques.

* Spline matrices between the aerodynamic and f-set structural coordinates.
» Stress/strain coefficient matrices.

Output:
The coefficient matrices in the frequency-domain open-loop undamped aeroelastic equation of

motion excited by control surface {3, and gust inputs {W, }
[ G (M) + (K] - 4o [Q (i) ] (&} = - ( (G0 (M) - [ Qe (i8] ) {62}
+2=[Ong 1] (W) (440)

and the aerodynamic and inertial load coefficient matrices

(O (ik)] , [OLc (iK)] , [OLg (ik)] , [MLs] , and [ML]
This block expands the generalized matrices used in ASTROS Version 11 (Ref 12).
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Methods:
The ASE module will allow several design iterations with the same baseline modes. The
operations in this block are divided into two cases:
(i) For the baseline structure:
«  Calculate the normal modes [¢ah] in the a-set and recover to the f-set [¢ﬂ,]

»  Transform [¢ﬂ,] to the aerodynamic grids [‘th], as well as [q)kc] and [(pkL] to the structural

F-set grids [¢y;] and [ gz].
e« Use AIC's and k-set modes to calculate the generalized aerodynamic force matrices

(O], [Ohcl , [Ohg) » [O1A] . [OLcl» and [QLe] for the tabulated k;values.

*  Recover the f-set[(iy;,] , [@cc], and [@L] to the g-set.
»  Calculate sensor modal displacements | §sp|.

»  Use [DKVI], [DMVI], and the g-set [¢gh] , [‘ch], and [¢gL] to calculate the generalized
stiffness and mass sensitivity matrices associated with [K ], [Mpnl, [Micl, (ML), and

T
My, (e.g.[DK] = (8] DKV [9a] ).
«  Extract the diagonal [My,], and [Ky], and assemble the baseline [Mjl, [Krclp, and
- [ML.]» matrices, where subscript b represents the baseline model.

(ii) For a modified structure:

' Modify the generalized stiffness and mass matrices according to the generalized sensitivity
matrices and the current values of the design variables:

e.g. [Kmly=[Kwnlo+Z (vi-vio) [DKpn] (4.42)
where the subscript M denotes the modified structure.

Presently in ASTROS, [DKVI] and [DMVI] are not constant for nonlinear design variables; i.e.
design variables that cannot be factored from the elemental stiffness and mass matrices K., and
M,,. Under the new paradigm, we can still make use of the original modes to reduce the current
model, but we must augment the modal stiffness and mass updating algorithm:

(Kool =AKee, +A D, D, PijKip,, Vi + AKe, (4.43)
j i

where A denotes an operator for matrix assembly, the first two terms represent the original
(factored) design variables stiffness matrices associated with the nonlinear design variables (Ref

18), and the P;; represent the ASTROS design variable linking coefficients.

During the first design iteration, we can compute and save

K, T .
—}iL = gh [AKeeM +A 3 D P Kfm] Peh 4.4.4)
Vi |fact R
Then the [Ky, i can be directly computed on all subsequent design iterations as:
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[Kinlr= Y, { afv"”]/ Vi + ¢gT,,[A Keey] Gon (4.4.5)
act

i

where the second term is relatively inexpensive to compute since AK,,,_, is typically very
sparse. Pgn Tepresents the original modal matrix and [Mp]y follows in an identical manner.

To complete the update of the system, new first order modal system matrix sensitivities are
needed. In the absence of nonlinear design variables, the sensitivities require no update and are
identical to those of the first design iteration. However, the nonlinear design variables introduce
an additional term:

K aKh;,l T K.
- + A p; e (4.4.6)
WiL Fi fuc ¢gh[ ; ’ &}‘pgh

1

wheredK,, / ot; is the finite-difference sensitivity of the elemental stiffness to the nonlinear, local

design parameter, %. ¢ again are the original modal matrix. The mass sensitivities follow
directly.

For the traditional ASTROS disciplines STATICS and static aeroelasticity (SAERO), the current
ASTROS approaches will be used. The processing will be unaffected by the modal reduction
scheme used in the ASE analysis. For the MODES analysis, the reduced Krr and Mpr will be
used to compute updated eigenvalues for purposes of ASTROS frequency constraints. If no
frequency constraints exist, the MODES analyses will not be performed after the first design
iteration.

4.5  Control Model

Construct the s-domain transfer function matrix [T (s)] that relates actuator outputs to sensor
inputs:

{8 () =IT (N y (s) @.5.1)
Input:
(a) Actuator transfer functions of the form:

51' (S) — Qio

uaci(-") s3+ a2 s2 + a;; s+ ap (4_5_2)

The order difference between the numerators and denominators is 3 to allow for the appearance

of §;, &; , and §; as independent states, and to allow for direct connection to acceleration sensors.
A high order actuator can be defined by adding cascade transfer function in (c) below.

(b) Sensor transfer function.

(c) Additional filters expressed in either s-domain transfer function or state-space form.

Output:
The terms of [T (s)], each expressed as a series of s-domain transfer functions.
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Method:
Most of the processing is just relating the input data to the individual terms of [T (s}]. State-space
filter components are converted to polynomial form.

New Bulk Data Entries:
The introduction of the control model requires an interface between the ASE module and the

user. Four new bulk data entries are defined and described as follows:
. Input data entry: SENSOR
Description: Define sensor location and sensor dynamics.

Format and Example

1 2 3 4 5 6 7 8 9 10
SENSOR IDSEN BID GD CD ITYPE IORD IDYNSET
SENSCR 1000 1 13 3 1 0 7
Field:
IDSEN Sensor ID
BID Boundary condition ID
GD Grid ID
cD Component ID
ITYPE Integer indicating whether sensor measures linear or angular motion

0 determined by CD
linear motion

2 angular motion
IORD 0 position sensor
1 rate sensor
= 2 acceleration sensor
IDNYSET # 0 DYNSET set ID in which the coefficients of the numerator and

denominator polynomial are specified
= 0 perfect sensor, do not include sensor dynamics

. Input data entry: DYNSET

Description: Define the values of the numerator and the denominator polynomials of
transfer function.

Format and Example

1 2 3 4 5 6 7 8 9 10
DYNSET iD NUM NDE AN (1) AN (2) . cee <. +ABC
DYNSET 31 6 8 0.1 2.0

1 2 3 4 ) 6 7 8 9 10
DYNSET AN (NUM) AD (1) AD (2) AD (NDE)
+ABC 1.9 3.1 0.0 0.5
Field;
D set ID of DYNSET
NUM order of numerator
NDE order of denominator
AN (i) coefficient of polynomial for numerator
AD (i) coefficient of polynomial for denominator
Remarks:

(1) The transfer function between input X and output Y is defined as:

Y _AN (1) +AN(2)s +... + AN(NUM)sNUM-1 - sNUM
X AD(1)+AD(2)s +--- +AD(NDE)sNDE-I + sNDE
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(2) NUM must be less than or equal to NDE.
. Input data entry: ACTUAT
Description: Define actuator dynamics

Format and Example

1 2 3 4 5 6 7 8 9 10
ACTUAT ID LABEL AD(1) AD(2) AD (3)
ACTUAT 101 ELEV 0.0 0.1 0.5
Field:
ID Actuator ID
IAREL Aerodynamic control surface label defined in AESURF to which the actuator is
attached
AD(1), Denominator coefficients
AD(2),
AD (3)
Remarks:
The transfer function of the actuator is defined as Y_ AD(I)
X AD(1)+AD(2)s +AD(3)s2 +s3
. Input data entry: FILTER
Description: Define type of filter for compensation of the signals from the sensors prior
to sending them to the actuators.
Format and Example
1 2 3 4 5 6 7 8 9 10
FILTER IDFTR ITYPE Al A2
FILTER 10 3 10.0 0.01
IDFTR ID of FILTER
2/412
ITYPE =1 notch filter: 1+(s /Al )
1+2s (a2/A1 ) +(s2/412)
= 2 integral filter: Al/S
-3 lead-lag (lag-lead) filter:  L+(Al)s
1+(A2)s

Y _AN() +AN(2)s +--- + AN (NUM)sNUM-1 o NUM

X  AD(1)+AD(2)s +-.- +AD (NDE)sNDE-1 4 sNDE
IITYPEJ represents the set ID of a DYNSET entry which defines the numerator and
denominator polynomials of the polynomial filter
Al, A2 values used for IDFTR = 1, 2, or 3

4.6 Rational Aerodynamic Approximation

Approximates the combined generalized unsteady aerodynamic force coefficient matrix:

< 0 polynomial filter

v | Onk One O
(O (ik)] = [ Our Or. QLZ ] 4.6.1)

by a rational function of ik which has the form:

[0 (i8)] = [A0] +[A1] (i) +[A2] (iKY +[D] (1] (ik) + [R) [E] (i%) (4.62)
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where the coefficient matrices are real.

Input:
(i) Generalized matrices generated in block 2.1.

(i) Actuator transfer function from block 2.2.
(iti) Type of data weighting and design flight conditions if physical weighting is used.
(iv) Approximation order and constraints.

(v) The diagonal [R].
(vi) Initial guess of [D] and number of approximation iterations.

Output:
() [Adl, [A1], [A2), [D), [E], and [R] of Eq (4.6.2). Partitions of [A;] are as in Eq (4.6.1),
Dh]
partitions of [D] are [DL , and partitions of [E] are [Ex Ec Eg].
(ii) Table of maximum weight assigned to each term of [Q (ik)].

Method:

The minimum-state rational approximation method with physical weighting and constraints is
described in detail in (Refs 41 and 42). The approximation process is based on a series of
weighted lease-square solutions:

(Z T Elal)e) -2 Tl 463)
I 1

where {x*} is a vector of unknown coefficients, [b*] is based on the aerodynamic tabulated data
associated with k;, and [W *]1 is a diagonal matrix with weights associated with the data terms in

[b *]1. When no constraints are applied, the process starts with an initial [D] and solves [Ao],[A1],
[A2], and[E], column by column, by applying Eq (4.6.3) with

x =[ 10 K KD+ RP)
0 W 0 -uDKN+RE) R
Aoj
Az,: ’ (b*) = { gj ((]Icclz))} (4.6.4)

where {F;{k:)} and {G;(x1)} are real and imaginary parts of the j-th column of the tabulated

matrix [Q (ik;)]. The resulnng [E] is used to calculate [Ao], [A1], [A2], and [D], row by row, by
solving Eq (4.6.2) with

e {1 0 471 & ET(k7 10+ (R’ }
o 0 mET(PUHRPR] )
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Ag,
AT FT(k
R e U A 465
A7 GT (k)
DT

These [D] — [E] — [D] iterations are repeated until convergence is obtained.

The users will have the option to use Roger’s approximation which can be posed as a special
case of Eq (4.6.2), see (Ref 42).

Each column of [O| (ikl)] will be approximated with up to 3 approximation constraints selected
from the following:

(i) Steady aerodynamic match at k = 0.
(ii) Either a real-part data-match constraint at a non-zero &; value or a { Azj} = 0 constraint.

(iil) Animaginary-part data-match constraint at a nonzero k; value.

There will be three weighting options:

(i) Uniform weighting, [W*]; = [1] (4.6.6)
(ii) Data-normalization weighting W;;, = —— Q; e 4.6.7)

where €1is a user-defined small positive parameter.
(iii) Physical weighting, as detailed in (Refs 41, 47).

When option (iii) is selected, the weights of the A column partition in Eq (4.6.1) are based on
derivatives of the system matrix in the left hand side of Eq (4.4.1). The weights of the ¢ column
partition of Eq (4.6.1) are based on Nyquist return signals with the control system assumed to be
represented by the actuator transfer functions, Eq (4.5.2). The weights assigned to the gust
columns are based on a selected response to Dryden’s gust spectrum.

The physical weighting assigns measures of aeroelastic importance that can be used to select
modes for residualization or truncation.

New Bulk Data Entries:
One new bulk data entry is required to define the input parameters for the minimum state
technique and is described as follows:

. Input data entry: MIST

Description: Define parameters for rational approximation of unsteady aerodynamic forces
by minimum state technique.

Format and Example

1 2 3 4 ) 6 7 8 9 10
MIST ID KLIST M NKF ITMAX IWE WCUT NWD + ABC
MIST 1 2 3 1 50 1 1.0 2
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MIST R(1) R(2) .o R (M)
+ ABC -1.0 -0.2 -1.0 0
Field:
ID ID number
KLIST ID number of AEFACT entry specifying a list of hard point reduced frequencies
M Number of approximation roots
NKF =1 all real and imaginary parts of generalized forces are matched at the

last hard point reduced frequency list in FEFACT entry
> 1 all real and imaginary parts matched at the NKF'th reduced
frequency listed in AEFACT entry
0 real parts are matched at the last hard point reduced frequency and
imaginary parts at K(2)

ITMAX <0 [A2]=0, imaginary parts are matched at k(-NKF) number of D -5 E — D
iterations
IWE = 1 use weight matrices from a previous run
= 2 calculate weight matrices based on physical weighting
= 3 calculate weight matrices by data-normalization
WCUT Minimal maximum absolute value of weighted aerodynamic term (0.0 < WCUT < 1.0)
NWD Number of weight-peak widening cycle
R(i) M number of approximated roots (distinct negative wvalues)

4.7 Control Margins

Calculates gain margins, phase margins, and singular values of the MIMO aeroservoelastic
system.

Input:
(i) Retrieve generalized structural matrices of Eq (4.4.1) from block 2.1.

(i) Control transfer function from block 2.2.

(iii) Modal displacements of sensor inputs [(psh].
(iv) Definition of the control design variables.

(v) Rational approximation of [Q (ik)], Eq (4.6.2) from block 2.3.

QOutput:
(i) Gain margins, phase margins and minimum singular values in the user-defined frequency

range.
(i) Derivatives of these control margins with respect to structural and control design variables.

Method:
The aeroelastic plant in Eq (4.4.1) is expanded to include the diagonal matrix of actuator transfer

functions [T, (s)] and the diagonal matrix of sensor transfer functions [Ts(s)]. The resulting
transfer function of the plant, from actuator input to sensor output is

[G ()] = [T ()] [ @st] [Chn ()1 (9o O (5) - 52 [Micl) [ Tee () 4.7.1)

The remaining control feedback system [k (s)], which relates actuator inputs {u,} to command
error {£} is based on the filters defined in block 2.2. The MIMO control aeroservoelastic system
block diagram is given in Figure 4.7.1.

46 STTR Final Rpt050896




{u com} fu) {y}
G(s)

{uac } {e} } {y com}
k(s) -t

Figure 4.7.1 Block Diagram of the MIMO ASE System.

The command errors are defined as {€} ={y.om} - {¥}. To analyze the system stability, it is
assumed that {Ycom}= 0 such that the input return signal is {#a} = - [k][G]{#} and the input
return-difference matrix is [/ + KG]. As suggested by Ref 48, the minimum singular values of
[l + KG], denoted by o (I + KG), and those of the inverse return-difference matrix
o (I +(KG)! ), will be used as measures of guaranteed simultaneous stability margin. The s
values will be calculated over a range of s =i values. Singular-value constraints at several

frequency points and calculated derivatives of ¢ (i@) at these frequencies with respect to the
structural and control design variables will be included in the optimization process.

To conform with more classical control design requirements, gain and phase margins and their
sensitivities will be calculated by Nyquist-type analyses with the control loops opened one at a
time at the actuator inputs.

New Bulk Data Entries:
Block 2.4 allows the user to define constraints of the ASE system in terms of gain margins, phase
margins, and singular values. Three new bulk data entries are defined and described as follows:

. Input data entry: DCONMAR

Description: Define the gain margin constraint of the ASE system with the control loops
opened one at a time at the specified actuator inputs.

Format and Example

1 2 3 4 5 6 7 8 9 10
DCONMAR CTSET CTYPE IDACT RMAR IFREQ
DCONMAR 1 UPPER 31 3.0 10
Field:
CTSET Constraint set identification
CTYPE Constant type, either UPPER for upper bound or LOWER for lower bound (Text,
default = LOWER)
IDACT Actuator ID
RMAR Required gain margin value (dB)
IFREQ Frequency set identification number of bulk data FREQ, FREQL, or FREQ2
Remarks:

The frequencies listed in IFREQ represent the frequency points at which the gain margins
cannot exceed the constraint value RMAR.

. Input data entry: DCONPHS

Description: Define the phase margin constraint of the ASE system with the control loops
opened one at a time at the specified actuator inputs.

Format and Example
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1 2 3 4 5 6 7 8 9 10
DCONPHS CTSET CTYPE IDACT RPHS IFREQ
DCONPHS 2 UPPER 31 30.0 10
Eield:
CTSET Constraint set identification
CTYPE Constraint type either UPPER for upper bound or LOWER for lower bound. (Text,
Default = Lower)
IDACT Actuator ID
RPHS Required phase margin value (degrees)
IFREQ Frequency set identification number of bulk data FREQ, FREQl, or FREQ2
Remarks:

The frequencies listed in IFREQ represent the fregquency points at which the phase margins
cannot exceed the constraint value RPHS.

. Input data entry: DCONSIN

Description:

Define the singular value constraint of the ASE system in a specified
frequency range.

Format and Example

1 2 3 4 5 6 7 8 9 10
DCONSIN CTSET CTYPE SING IFREQ
DCONSIN 1 0 0.3 10
Field:
CTSET Constraint set identification
CTYPE = 0 singular value of return-difference matrix
= 1 singular value of inverse return-difference matrix
SING Required minimum singular value (positive)
IFREQ Frequency set identification number of bulk data entry FREQ, FREQI,
or FREQ2
Remarks:

The frequency listed in IFREQ represent the frequency points at which the frequency points at
which the singular value must be greater than SING.

4.8  State - Space ASE Model

Constructs the ASE state-space model for flutter and gust-response analyses and export for
control analyses.

Input:

(i) Generalized structural matrices of Eq (4.4.1) from block 2.1.
(ii)) Control transfer functions and/qr state-space matrices from block 2.2.

(iii) Rational approximation of [Q ()], Eq (4.6.2), from block 2.3.

Output:

(1) State-space [Agel, [Bae], and [Cael matrices describing the aeroelastic system (plant +
actuators + sensors).

(ii) State-space [Ac] , [Bc], (C] ,and [De] matrices describing the control system.

(iii) Closed-loop control-augmented system matrix [K] .
(iv) Output matrix for gust response analysis.
(v) Sensitivities of the above matrices.

Method:
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The open-loop state-space equation of motion of the aeroelastic system excited by a control
surface is

{4} =[Ap] {25} + [Bp] {up) 4.8.1)
where
4 8
{xp}={ & {up}={ s
Xa be)
| 0 , 1] , 0 ]
el -1 Ko+ ), -0 B+ 57 | 0.
V..
I 0 s [Eh] ’ 'b_[R] ]
0 s 0 s 0
2
[Bo]=| -q.. [M]" [Ano] [- %{ [E"Ahd} , -lMl! Eth + %[Ahcz ]}
0 , [E] , 0

v P L
and [H] = M) + V2 [Ath]. Here, {5} is the vector of generalized structural displacements
and {6} is the vector of control surface command deflections. The plant output equation, based
on the sensor modal deflections [¢sh] is described in the form:

{0} =[Cpl (x5} +[Dp] {up) (4.8.2)
where [Cp] and [D,] depend on the type of the sensor (displacement, velocity, or acceleration).
The actuator of Eq (4.5.2) is modeled in state-space form as

0 1 0

{xac,-}=[ 0 0 1 }(xac,-}Jg}uaq

“qip -Qj] -A2 ‘aio (4.8.3)

where

49 STTR Final Rpt050896




i
(Faci) =\ &
&
Several actuators can be grouped together for the general form
{xac} = [Aac] {-xac) + [Bac] {uac} (4.8.4)

Augmentation to the plant Eqs (4.8.1) and (4.8.2) yields

Xp - [ p] [ p] 0
{ Xac [ 0 [Aal ]{ Xac }+[[Bac]]{u“} (4.8.5)
since {x4c} = {4y}, and the output (sensor measurement) equation becomes
oy=[[Sa| 7. | @856)

A general transfer function of a control component is

T(s)= _Yels) _bos™+bysml+..+by
Ue(s)  srtagstl4.ta, o 4.8.7)

The controller canonical form realization of this transfer function is

{J-Cc} = [Ac] {xc} + {Bc} {U.c}

ye=[Cc] {xc} +[D] {uc} (4.8.8)
where
o 1 0 0
Ad=l o oy | B0 ’
~Qpn -Qp] -+ -4 1

Cc] [(bn boan) (bn 1-boan.1 ) (bl - boa; )]
D.=by

Application of Eq (4.8.8) to the sensor transfer functions and augmentation with Eq (4.8.5) yield
the state space equations of the aeroelastic system

{J.Cae) =[Ag] <xae) +[Bae) {uae)
{Vae} =[Cael {xae} (4.8.9)

Finally, the state-space equations of the control filters can be grouped in the form

50 STTR Final Rpt050896




(xc} =[Ac] {xc} + [Bc] {uc}
{ve} =[Cc){xc} +[D] {uc) (4.8.10)

Augmentation of Eq (4.8.10) to Eq (4.8.9) with {u.} = {y,} yields the general open-loop control
form ‘

{£} =[A] {x} +[B] {u}
{r}=[Cl{x}) 4.8.11)

Connection of the inputs {u} to the outputs {y} through a gain matrix, {u} =[G] {y}, yields the
closed-loop equation

(2} =[A4] {x) (4.8.12)
where

[A] =[A1+[BI[GIIC]

The block 2.5 assembly of the state-space ASE system matrix sensitivities with respect to
structural and controller design parameters must be evaluated if any constraints associated with
the ASE analyses are retained as active. With the advent of design variables associated with the
control law, the derivatives must account for both FE matrix perturbations (which are well
understood and have been extended to support the iterative formation of a generalized modal and
its first order derivative) and control parameter perturbations. The control parameters include
gains and the coefficients of the polynomials for each actuator/sensor. The user will describe
which of these parameters is available for design and its range of values [V,n, Vinaxl-

The sensitivities of the ASE constraints (or the objective function) will be solved analytically
based on the sensitivities of the state-space [A,.], [B,.], and [C,.] matrices describing the system
and of the state-space controller matrices [A.], [B.], [C.] and [DJ. It will be assumed that the
structural design parameters affect only [K] and [M] and the controller design parameters do
NOT affect [K] and [M] or the rational aerodynamic approximation. Traditional ASTROS
constraints will not be affected except that the vector of design variables must be kept separated
in the structural and controller parameters.

o[

The cross-sensitivities will be ignored for purposes of sensitivity calculation.

New Bulk Data Entries:

. Input data entry: GAIN
Description: Define gain of a control—-sensor pair.

Format and Example

1 2 3 4 S 6 7 8 9 10
GAIN ID LARFT, IDSEN GN PHASE IDFTR
GAIN 4 ELEV 20 0.7 0 10
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CTSET ID of gain

LABEL Alphanumeric string for aerodynamic control surface defined in input data entry
AESURFE

IDSEN Sensor ID number defined in input data entry SENSOR

GN Value of gain

PHASE Phase error (degrees) in transfer function

IDFTR ID of filter associated with the current control-sensor pair

. Input data entry: DESGAIN
Description: Define gain value of a control-sensor pair as a design variable.

Format and Example

1 2 3 4 5 6 7 8 9 10
DESGAIN DVID GID VMIN VMAX VINIT LABEL
DESGAIN 3 4 0.1 0.3 0.2 GAIN1
DVID Design variable identification
GID ID of data entry GAIN
VMIN Minimum allowable value of the design variable
VMAX Maximum allowable value of the design variable
VINIT Initial value of the design variable (VMIN < VINIT < VMAX)
IAREL Optional user-supplied label to define the design variable (text)

. Input data entry: DESCOEF

Description: Define a coefficient of the polynomials associated with the transfer function
of a control filter as a design variable.

Format and Example

1 2 3 4 5 6 7 8 9 10
DESCOEF DVID IDFTR ITYPE N VMIN VMAX VINIT LABREL
DESCOEF 1 2 1 3 0.1 0.3 0.2 COE1

DVID Design variable identification
IDFTR ID of bulk data entry FILTER
ITYPE = 1 define the coefficient Al as design variable for notch, integral,

proportional plus derivative, or lead-lag filter
= 2 same as ITYPE = 1 but for A2
= 3 define one of the coefficients of the numerator polynomial as a
design variable
= 4 same as ITYPE = 3 but for the denominator polynomial

N The N-th coefficient of the numerator or denominator (Used only for
ITYPE = 3 or 4)

VMIN Minimum allowable value of the design variable

VMAX Maximum allowable value of the design variable

VINIT Initial value of the design variable (VMIN<VINIT<VMAX)

LABEL Optional user—supplied label to define the design variable (text)

4.9 Flutter

Calculates flutter velocity and the same flutter constraints as in ASTROS Version 11, but based
on a state-space formulation, with or without a control system.

Input:
- Closed-loop system matrix from block 2.5.

Output:
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- Flutter speed.
- Damping constraints and their sensitivities.

Method:

The flutter analysis is based on the eigenvalues of the closed-loop system matrix [Z] of Eq
(4.8.12) or the open-loop matrix [A,] of Eq (4.8.1) when there is no control system. Root locus
analysis is performed for the flutter velocity with fixed density or for the flutter density with
fixed velocity. The definition of the damping constraints and the sensitivities of the active
constraints will be similar to those in Version 11, based on the eigenvectors of [4] or [Ap] at the
required constraint points.

4.10 Gust Model

Constructs a state-space model where the input signal represents a white noise process and the
output signal represents Dryden'’s or von Karman's continuous gust velocity.

Input:
- User input parameters for either Dryden's or von Karman's power spectral density (PSD)

functions.

OQutput:
State-space gust matrices[A,],[B,], and [C,].

Method:

The construction of the gust model is based on (Ref 49). Either Dryden's or von Karman's gust
PSD functions are represented by a Laplace domain transfer function, from white noise signal w
to gust velocity w,. The order of the transfer function denominator is larger than that of the
numerator. The resulting gust model has the form

{%e | =[Ag] {0} + (B} w

{ve) =[Cg] {x;}

with three states for Dryden's gust and four states for von Karman's gust.

(4.10.1)

New Bulk Data Entries:
One new bulk data entry is defined for the continuous gust input.

. Input data entry: GUST1
Description: Defines Dryden’s or von Karman’s gust PSD functions for ASE gust analysis.

Format and Example

1 2 3 4 S 6 7 8 9 10

GUST1 SID SYMXY ITYPE MIST WG X0 Vv

GUST1 1 1 1 10 1. 10.0 1000.0

(=]

SiD Gust set identification number

SYMXY 1 wvertical gust

2 lateral gust

1 von Karmon’s gust PSD function

2 Dryden’s gust PSD function

MIST ID of bulk data entry MIST for rational approximator of the harmonic
gust forces

ITYPE
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WG Scale factor of the gust velocity
X0 Iocation of reference plane in aerodynamic coordinates
\% Velocity of vehicle

4.11 Gust Response

Calculates the Root-Mean-Square (RMS) values of gust response parameters and their
sensitivities.

Input:

- Closed-loop system matrix from block 2.5.

- State-space gust matrices from block 2.7.

- Rational approximation matrices from block 2.3.

- Sensitivities of the system matrices from block 2.5.

Qutput:
- Gust response constraints and their sensitivities.

Method:
The gust matrices of Eq (4.10.1) are augmented to either the plant matrix [A,] of Eq (4.8.1) or the
closed-loop matrix [A] of Eq (4.8.12), as detailed in (Ref 8). The resulting system has the form

(&) =[Al{x}+ (B} w

{y}=[c]{x} 4.11.1)

The root-mean square values of the response parameters are based on the state covariance matrix

[X]=H{x}{x)T]. When Eq (4.11.1) is excited by a unit intensity white noise, [X] satisfies the
matrix Lyapunov equation

[A][X] +[X][AT = - {B.} {Bw )T (4.11.2)

The covariance matrix associated with {y} of Eq (4.11.1) is

(1] =E[y} pY]=[c1x] (T @.113)
The diagonal of [Y] contains the mean-square output response parameters og . The differentiation
of Eq (4.11.2) with respect to a design variable v;, using M = 0, yields another Lyapunov
equation i
101 O]y WALy (g AT (4.11.4)
i v v i

2[X]

i
all be based on the same decomposition used in solving for [X] by Eq (4.11.2). The
differentiation of Eq (4.11.3) yields the response sensitivity derivatives

which can be solved for

. A new solution is required for each design variable, but they can
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Y] _ 1 9X] or_ 0lC] T o[CI
Y [C] 8v,~ [C]' + > X][CT +[X1[X] > 4.11.5)
2
Oy

where the diagonal terms are usually the only derivatives of interest.

i

New Bulk Data Entries:
Two new bulk data entries are introduced for the gust response constraints of the RMS value of a

group of aerodynamic components and the RMS displacements, velocities and accelerations of
grid point.

. Input data entry: DCONACD

Description: Defines the gust response constraint of a group of aerodynamic components in

terms of forces and moments.

Format and Example

1 2 3 4 5 6 7 8 9 10
DCONACD SID IACORD ITYPE RMS IGUST
DCONACD 3 10 1 100. 1
Eield:
SID Constraint set identification number
IACORD Identification number of the ACORD bulk data entry in which a group of

aerodynamic components is defined

=1, 2, or 3 : force along x, y, or z direction

=4, 5, or 6 : moment about x, y, or z axis

RMS Constraint in term of RMS value

IGUST Identification number of GUST1 bulk data entry where the gust input is defined

ITYPE

Remarks:
The moment axis is defined by XMCNT, YMCNT, and ZMCNT in ACORD data entry.

. Input data entry: DCONRMS

Description: Defines the displacement, velocity or acceleration constraint in terms of RMS

value in response to a gust input.

Format and Example

1 2 3 4 5 6 7 8 9 10
DCONRMS SID DTYPE IGUST GID C DALL CTYPE
DCONRMS 1 1 1 73 1 2.0 UPPER
Field:
SID Constraint set identification numbers
DTYPE = 1 displacement constraint
= 2 velocity constraint
= 3 acceleration constraint
IGUST Identification number of GUST1 bulk data entry where the gust input is defined
GID Grid ID
C Component ID
DALL Allowable value
CTYPE Either UPPER or LOWER bound (Text, default = UPPER)
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SECTION 5
'MODIFICATION OF ASTROS FOR ZAERO AND ASE INTEGRATION
5.1 nteeration i

The purpose of the ASE capabilities in ASTROS is to facilitate the structural optimization of an
aeroservoelastic system with respect to objective and constraint functions associated with ASE
Stability and Response (Gust) analyses. The parameters used to effect improvements will be the
usual ASTROS structural parameters and with the addition of gains and polynomial coefficients
of the control system. The control system architecture is fixed.

It is important to note, however, that the proposed ASE capabilities extend beyond the straight
forward (black-box) implementation of automated design subject to constraints on ASE analysis
responses. Rather, the proposed enhancements are intended to make ASTROS useful in the
process of designing a flight vehicle in which the designer wants to find the “best” design by
exploiting the complex synergies between the structural behavior and the MIMO control system.

Out of necessity, this is an interactive process that is dominated by perturbation of mathematical
models described by parameters that cannot be updated antomatically. For example, the sensor
and actuator locations, filters and other components of the control laws do not readily lend
themselves to the automated design techniques of traditional structural optimization. The
proposed extension of ASTROS will enable the design team to assemble ASE models, optimize
them with respect to stability, control, and strength requirements and to compare the optimal
designs to one another to gain insight into the system’s characteristics. Because many
components of the ASE models can be shared and are computationally intensive to produce,
many of the proposed enhancements deal with their creation, assembly, management, and use of
these components.

The proposed ASE analysis approach, minimum state rational approximation based on modal
system matrices, requires an initialization phase in ASTROS to create the modal system
matrices. The rational approximation and the generation of the state-space model of the ASE
system will then be performed for each analysis case. The controller and the aecrodynamics may
be different from case to case; €.g. symmetric flutter at M = 0.9 in one case and antisymmetric
gust response at M = 1.5 in another. Each of the analysis cases could have different control laws
as well: to handle, for example, separate low-g and high-g systems.

Since the generation of the ASE model for a given analysis case is computationally intensive and
may call for user intervention, a requirement of this integration activity is that ASTROS produce
“archival” models at each stage of the process for

1) subsequent re-use in ASTROS ASE
2) export to other state-space ASE tools, e.g.., MATLAB and MATRIX x.

As part of the improvements to generalized unsteady aerodynamic influence coefficients in the
ZAERO module, ASTROS will support the generation and archiving of a very general set of
aerodynamics that will provide the ASE analyses with their required aerodynamic influence
coefficients. The other remaining activities to support the assembly of an ASE module are the
creation and archival of modal representations of the basic structural system matrices, Kun, My,
By, and of the response matrices, s = Sy Up; (Where S;, is the modal stress or strain displacement)
and the generation of a rational aerodynamic approximation in the s-domain. Each of these two
steps have implications with respect to the current ASTROS paradigm.

56 STTR Final Rpt050896




To create the rational aerodynamic approximation, the raw AIC data for a given set {Mach
number, symmetry, method, modal} need to be fit with the help of user input to control the
fitting process. The input to this process includes:

1) Mhh” Khha and th

2) QO (ik), acrodynamic geometry & control surfaces
3) control system definition

4) algorithm control parameters

As part of this process, the structural equations of motion for the open-loop system must be
assembled and solved. Also, at this time, the archived AIC matrix, the archived aerodynamic
geometry and control surfaces along with the particular disciplinary parameters describing the

analysis subcase (flight condition, gust form and reference data, etc.) are used to produce the ¢,

¢1¢ (ik) and ¢y, as needed. This process is not computationally intensive and is a function of
parameters which the user may want to vary as part of a trade study. Thus, these data are NOT
archived as part of the aerodynamic model. The results are a set of coefficient matrices fitting
the aerodynamics.

The quality of this fit may need to be checked for the set of responses that are deemed important
in the current analysis. This activity may need to be performed off-line and the fit may need to
be modified. Finally, the fitting coefficient matrices may be archived for reuse. They constitute
a particular system representation that includes

1) structural geometry and element properties & design variables “the FE model”
2) AIC matrix for a particular aerodynamic model at a particular {Mach, number, symmetry,
_ method, modal}.
3) a spline model that connects 1) and 2)
4) a particular control law that includes
- actuators
- Sensors
- filters

This archived approximation, while computed based on the current design point, will be re-used
during the subsequent ASTROS design iterations, with the user free to update the fit at any point.

The final activity to complete the assembly of the ASE module is the generation and archiving of
the modal representations of the FE model. The typical modal parameters: {l}, [¢gh], (M),
[Kxnl, and [Bpy] are straight forward. However, they introduce some complexity in that the

particular modes [¢gh] may need to be extracted from a larger archived pool of modes that have
been computed. They do not necessarily represent all the modes in the frequency range

[/'L,m-,,, lmax] from the archived modal analysis. In other words, to support ASE, ASTROS will
allow the archival of

(K], [M;] and [Bj;]

and the associated [2,1, Ay-- -/’Li] that are produced by normal modes analysis. They are
associated with a particular structural FE model and a particular boundary condition (symmetric,
antisymmetric). The ASE disciplines will be developed such that they “import” these data for
use. The assembly of the 4-set matrices for ASE is then the process of extracting the desirable

57 STTR Final Rpt050896




subset of [2,, .- -l,-] and the augmentation of the model with additional generalized coordinates
(extra points, residual vectors, etc.).

5.2 ASE Design Overview

In design optimization, the concept of re-using the archived modal representation of the FE
model becomes more complex. The aerodynamic model is completely reusable, apart from some
considerations with respect to the rational approximation and the generalized aerodynamic
model. Also, the generation and use of the approximate optimization problem in ASTROS has
some implication with respect to the implementation of Blocks 2.1, 2.5, 2.6 and 2.8.

5.3 Jution Control

ASTROS' solution control will be enhanced in a number of ways to support the proposed ASE
features. These enhancements fall into seven categories (in order of dependence):

1) Definition of one or more unsteady aerodynamic cases

2) Archival/Import of aerodynamic models

3) Definition of one or more rational aerodynamic approximations (RAA)
4) Archival/Import of RAA data

5) Definition of one or more control margin analyses

6) Definition of one or more state-space flutter analyses

7) Definition of one or more state-space gust analyses

There will be five new analysis disciplines to create aerodynamic data or to use acrodynamics to
perform response analyses:

ZAERO: generates [A;;] matrices and geometry for a given method and model and for a
series of {M, k, symmetry} triplets where the model is a named collection of
CAERO; bulk data representing a configuration and the method is selected from
ZONA6 CPM
ZONA7 DIM
ZTAIC
ZONAS1U

MIST: Minimum state approximation to fit aerodynamic data for one or more Mach
numbers of a ZAERO case.
- This analysis discipline either imports an archived ZAERO case or refers to a
previously defined case in the current run.
- Imports or refers to a MODES case for structural modes.
MARGIN Computes gain and phase margins and singular values of a MIMO system, for a
given set of Mach number, boundary conditions, method, and model.
- This analysis discipline either imports an archived MIST case or refers to a
previously defined MIST case in the current form.
- In optimization, constraints (upper and lower bounds) may be placed on some
or all the margins and singular values.
ASEFLUT: Performs state space flutter analysis
- Refers to a MIST case or imports an archived MIST case.
- In optimization, constraints can be placed on flutter damping.
GUST: Perform a state space gust response analysis for a given set of Mach number,
boundary conditions, method, and model for a particular gust spectrum.
- Refers to a MIST case or imports one.
- In optimization, constraints can be placed on
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1) RMS {u}, {it}, or {ii} of structural points.
2) RMS section loads (forces and moments) of a group of aerodynamic
components such as a wing with a tip missile.

3) RMS control command {6}, {6}, or { 5}
- Triggers the computation of ¢, (ik) and ¢y, for the gust and load modes.

In the ZAERO and MIST cases, the user can archive a pre-defined collection of data that will
enable the downstream (or dependent) analysis cases to import previously computed data. This
allows the output from the computationally intensive ZAERO and MIST steps to be used
repeatedly. The MIST step will further support an export option to output the ASE model to
MATLAB or MATRIX x.

The current ASTROS MODES discipline will be enhanced to allow the normal modes to be
archived for re-use as well. This will preserve the normal modes for the generalized model
update. Similar to the current ASTROS capability, the use of more than one set of MODES in a
single boundary condition will not be allowed. Under the proposed effect, there will be no
provision for combining symmetric and antisymmetric modal models to create an asymmetric
system.

All other existing solution control commands will be supported without change. The existing
flutter analysis features will continue to be supported, but will not make use of any of the
enhancements presented in this proposal regarding controls. The feature will, however, be
modified to import ZAERO and modal data to take advantage of those new features.

54  MAPOL Modifications

The basic structure of the ASTROS MAPOL sequence will be retained under the proposed
enhancements. That structure is shown in Fig (5.4.1) as follows:

(~ OPTIMIZATION

| ANALYSIS
ON CONVERGENCE FINAL
]
PREFACE Ay SCREEN - ANALYSIS
SENSITIVITY
UPDATE
MODELS

\I RESIZE I)

Figure 54.1 Basic Structure of the ASTROS MAPOL Sequence.

One of the proposed new disciplines will occur in the PREFACE section (ZAERQO) while the
remaining four will be supported within the analysis phase of both the optimization and the
analysis segments (Ref 13). Support of the MIST case within the optimization segment will
require some special code in MAPOL to avoid re-computing the minimum state approximation
after the first design iteration. Note that, if the ASEFLUT, MARGIN, or GUST disciplines use
imported RAA data, the MIST case need not appear in the OPTIMIZE packet of the solution
control. This represents the anticipated scenario in which the ZAERO, MODES, and MIST steps
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are performed in the ANALY SIS segment of an earlier ASTROS execution and archived for use
in optimization.

The ASEFLUT, MARGIN, and GUST disciplines must be coded differently in the
OPTIMIZATION segment than in the ANALY SIS segment to accommodate the generation of a
new set of generalized matrix data for K and M using the original normal modes. The MIST
output data are assumed to be design invariant and will not be updated either due to changes in
the plant model or the controller model. In addition, the MAPOL support of the MODES
discipline must be enhanced in the optimization phase to

1) Avoid recomputing modes unless the following disciplines are present
a) flutter
b) modal frequency
¢) modal transient
d) a MODES case with applied frequency constraints

2) I the MODES discipline must be recomputed, the [Knplyy and [Mpaly matrices
should be used rather than the updates [K 4], and [My;]. This makes the MODES
discipline very inexpensive on subsequent design iterations.

The response analyses, ASEFLUT, MARGIN, and GUST will be decomposed into a series of
discrete modules that will be called within either the OPTIMIZATION or ANALYSIS segments.
Since the ASEFLUT and GUST disciplines share input, the modules creating those matrices will
be separately addressable from MAPOL to maximize code re-use. As part of the proposed effort,
a more detailed study of the computational steps will be performed to determine the appropriate
decomposition for the MAPOL modules supporting these disciplines.

The ZAERO cases, whether in the OPTIMIZE or ANALYZE packets, will be handled in the
PREFACE. This is similar to the current ASTROS' handling of DLM and CPM matrix
generation, except that, under the proposed effort, the user will have to call a ZAERO discipline
to compute the unsteady AIC's as opposed to the current approach where the dependent analysis
(e.g. FLUTTER) triggers the computation of the required data. The current ASTROS
methodology is incompatible with the ARCHIVE/IMPORT concepts.

For sensitivity analysis, the proposed enhancements require a substantial number of changes.
Most importantly, the set of design parameters has been extended to include design variables that
have no stiffness or mass sensitivity. ASTROS must be modified accordingly to only compute
the appropriate elemental sensitivities.

The new design constraint functions generated by the ASEFLUT, MARGIN and GUST
disciplines must have the appropriate modules written to compute the first derivatives of the
response in the sensitivity phase of the optimization segment. As for the case of the analyses, a
study will be performed to determine the best module decomposition to use in supporting the
sensitivities of the related system matrices. Further changes in the sensitivity analysis are
required to support the concept that the original normal modes (rather than the current modes)
are the generalized coordinates.

The DESIGN module will need to be enhanced to support the new design constraints and design

variables. Also, the constraint screening modules ACTCON and ABOUND will need to be
extensively modified to support both, the new constraints and the new design variables.
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SECTION 6
FUTURE RESEARCH AND DEVELOPMENT

The success of the Phase I contractual performance leads to the follow-up action of planning the
Phase II activity. Under the Air Force's STTR invitation, a Phase II proposal is in preparation to
be submitted to the Air Force shortly. In the Phase II proposal, the ZONA Team proposes to
complete the research begun in Phase I and fully develop the ZAERO module and the ASE
module in ASTROS. Seamless integration of these modules into ASTROS would be the next
major task. ZONA believes that its ZAERO module would adequately support the
ASTROS/ASE module for a wide range of applications in the ASTROS design and analysis
environment. In the course of current and future developments of ASTROS, ZONA intends to
play a major role in the enhancement support and maintenance of ASTROS/ZAERO module and
consequently the ASE module. Once the seamless integration of ASTROS/ZAERO is completed
in this phase, its commercialization can be carried out readily by a tentative ZONA/UAI
parmership. Since both parties have established a customer base for codes in ZAERO and for
ASTROS, a fruitful outcome of the initial commercialization effort is anticipated.

6.1 ntici ful Results of Phase TT

(a) ASTROS/ZAEROQO

i)  Full development of the ZAERO module together with the AGM module.

ii) Seamless-Integration of ASTROS/ZAERO (with AGM) will be accomplished.

iii) Full documentation of ASTROS/ZAERO: ZONA will deliver four manuals, namely,
the User's Manual, the Theoretical Manual, the Applications Manual and the
Programmer's Manual.

iv) Commercialization of the ASTROS/ZAERO will be initiated by a tentative partnership
between ZONA and UAI, following the incremental development of the ZAERO
model proposed in Phase II.

(b) ASTROS/ASE

i) Completion of the research phase of the ASTROS/ASE development. Data retrieval
(UAIC/USDA) by ASE module from ZAERO module.

ii)) ASTROS/ASE pilot software created and tested. Proposed scenario cases and
industry-supplied realistic cases will be tested and demonstrated for the capability of
ASTROS/ASE.

iii) Full documentation of ASTROS/ASE. ZONA will deliver four manuals (same as
those in section (a) part (iii) above).

Under the Phase II support, ZONA realizes that the provided funding could only be budgeted to
accomplish the preparation for commercialization of ASTROS/ZAERO. There appears to be
inadequate budget for performing the Seamless-Integration of ASTROS/ASE, thus prohibiting its
immediate commercialization after Phase II. However, ZONA believes that funding from the
private sector can be obtained from the aerospace industry under Phase III solicitation. The
completion of the ASE as a documented code and its commercialization will be discussed next.

6.2 Plans for Phase I11

(@) Full commercialization of ASTROS/ZAERO: Further improvement of the commercialized
packaging of ASTROS/.ZAERO, which includes the consolidation of software licensing,
maintenance user serve policies and the refinement of the documentation package.

(b) Enhance co-marketing activities between ZONA and UAL
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6.3

b)

Seek private funding support from aerospace industry for further development of

ASTROS/ASE:

i) Seamless Integration of ASTROS/ASE.

ii) Link up with the aerospace industry for ASE applications to ongoing projects (e.g.
AAW, HSCT, JAST, etc.)

iii) In this regard, ZONA has obtained a number of supportive letters on the
ASTROS/ASE development from potential users. The likelihood of funding support is
evidenced by these responses from the aerospace community.

ionificance and Im f Ph h

The successful results of Phase II will enhance the confidence from potential users in the
aerospace industry. For example, Transonic/Hypersonic flutter results of ZAERO and the
scenario and realistic case demonstration of the ASE capability could definitely serve this
purpose.

The research and development effort in Phase I is aimed at setting a firm foundation
towards a unified methodology for aeroservoelasticity design/analysis, thus leading to a
industrial-standard production software which would serve the aerospace community
worldwide.

62 STTR Final Rpt050896




7.1

SECTION 7
POTENTIAL APPLICATIONS

Potential Technical Applications

The potential areas of applications are many for ASTROS/ASE. It will provide the aerospace
industry an excellent design/analysis tool for aircraft such as the High Speed Civil Transport
(HSCT) or the Active Aeroelastic Wing (AAW), among other ongoing and future projects.
Other gross potentials of ASTROS/ASE include its integration with Probabilistic Design
Methods, Designing Smart Structures and its further inclusion of a emerging robust control
technology.

7.2
a)

b)

c)

d)

Potential Commercial Application

As discussed in an earlier section (D.2), ZONA Technology has enjoyed the commercial
success of ZONAS1 since its release in 1985. Now with over 35 users worldwide, the
ZONAS51 code has been marketed independently by ZONA since 1985 and jointly
marketed by ZONA and the MacNeal Schwendler Corporation (MSC) under
MSC/NASTRAN (as Aero Option II) since 1991.

The ZAERO Module

As described previously (see Fig 2.1.1), the ZAERO module contains four major unsteady
aerodynamic codes covering the complete flight regime throughout the full Mach number
range, a capability surpassing that of the current Aero modules in MSC/NASTRAN and in
ASTROS. Specifically, ZTAIC and ZONAS51U are the transonic and unified
hypersonic/supersonic generalization of the lifting surface code ZONAS51, respectively.
ZONAG6 and ZONA?7 generalize the codes by including geometric complexity to wing-body
combinations that can represent realistic aircraft configurations for aeroelastic applications.
Further, the UAIC feature of the ZAERO allows it to be readily interfaced with the FEM
model created by ASTROS. A market survey quickly reveals that none of the above
features in terms of flow and geometric generalization or a unified AIC is available in any
existing software. On the other hand, ZONA's market survey from responses among our
ZONA code users and others in the Aerospace community indicates that a software
package such as the ZAERO module is lacking presently and would be in high demand.

The built-in AGM module with ZAERO will provide any selected panel method a
convenient entry to ASTROS. In this way, the flexibility of ASTROS as opposed to that of
NASTRAN would be enhanced greatly, thereby generating more users for ASTROS.

ASTROS/ZAEROQ/ASE

The Phase II products, ASTROS/ZAERO (seamlessly integrated) and ASTROS/ASE (not
seamlessly integrated), should stand out as two unique software products that are cutting-
edge technology for aeroelastic design/analysis and ASE design/analysis.

The commercialization of ASTROS/ZAEROQ should resort to the code-licensing means; it
could be an annual license or a one-time paid-up license. ZONA has had over ten years of
experience in code licensing and UAI even more. The CREDA agreement between
UAIT/AF should expand further the worldwide licensing of the ASTROS/ZONA.
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7.3 Potential he Federal r n

A fraction of the ZONAS51 and ASTROS users belong to organizations in DoD and NASA
(ZONAS1 is used frequently by WPAFB and NASA-Langley). Aeroelasticians at Wright
Laboratory have repeatedly shown strong interest in the ZONA codes (such as ZONAS1 or
ZONAIR) to assist them in their projects (e.g. the AAW project).

Since the AF is the sponsor of Phase II, ZONA intends to make available the executables of the
ZAERO module to the appropriate divisions of WPAFB for their exclusive usage on a royalty
free basis. No further rights of the ZAERO module will be transferred to the DoD/Federal

Government.

64 STTR Final Rpt05089




Ny e s

g

10.
11.

12

13.
14.
15.
16.
17.
18.
19.
20.
21.

22.

23.

24.
25.

26.
27.

REFERENCES

Miller, G.D., "An Active-Flexible Wing Multi-Disciplinary Design Optimization Method,” 35th
ATAA/ASME/ASCE/ASC Structures and SDM conference proceeding paper, AIAA 94-4412-CP.

"Active Flexible Wing Design: Methodology Study,” Rockwell Aerospace/North American Report No. NA94-
1731, April 1995 (AF Contract No. F33657-90-D-0030-0014).

Adams, W.M,, Jr. and Hoadley, S.T., "ISAC: A Tool for Aeroservoelastic Modeling and Analysis,” AIAA-93-
1421-CP, 1993.

Peele, E.L., and Adams, W.M., Jr., "A Digital Program for Calculating the Interaction between Flexible
Structures, Unsteady Aerodynamics and Active Controls,” NASA TM-80040, Jan. 1979.

Tinico, E.N. and Mercer, J.E., "DLEXSTAB - A Summary of the Functions and Capabilities of the NASA
Flexible Airplane Analysis Computer System,” NASA CR 2564, October 1974.

Rodden, W.P., Haper, R.L. and Bellinger, E.D., " Aeroelastic Addition to NASTRAN," NASA CR-3146, 1979.
Peery, B III, Kroll, R.I., Miller, R.D. and Goetz, R.C., "DYLOFLEX: A Computer Program for Flexible
Aircraft Flight Dynamic Loads Analysis with Active Controls,” Journal of Aircraft, Vol. 17, No. 4, April 1980,
pp. 275-282.

Noll, T., Blair, M. and Cerra, J., "ADAM, an Aeroservoelastic Analysis Method for Analog or Digital System,
Journal of Aircraft, Nov, 1986.

Pitt, D.M. and Goodman, C.E.,"FAMUSS: A New Aecroservoelastic Modeling Tool,” AIAA Paper 92-2395-
CP, April, 1992,

Rodden, W.P. and Johnson, E.H., "MSC/NASTRAN Aeroelastic Analysis User's Guide Version 68," The
MacNeal-Schwendler Corporation publication, 1994,

Venkayya, V.B., Tischler, V.A. and Bharatram, G., "Multidisciplinary Issues in Airframe Design,” 37th
AIAA/ASME/ASCE/ASC Structures and SDM conference proceeding paper, AIAA-96-1386-CP.

Johnson, E.H. and Venkayya, V.B., "Automated Structural Optimization System (ASTROS), Theoretical
Manual,” AFWAL-TR-88-3028, Vol. 1, December 1988.

Neil, D.J., Johnson, E.H. and Herendeen, D.L., "Automated Structural Optimization System (ASTROS) User's
Manual, AFWAL-TR-88-3028, Vol. 2, April 1988.

Johnson, E.H. and Neil, DJ., "Automated Structural Optimization System (ASTROS), Application Manual,"
AFWAL-TR-88-3028, Vol. 3, July 1988.

Neil, D.J., Johnson, E.H. and Hoesly, R.L., "Automated Structural Optimization System (ASTROS),
Programmer's Manual,” AFWAL-TR-88-3028, Vol. 4, July 1988.

Neill, D.J. and Herendeen, D.L., “ASTROS Enhancements, Volume I - ASTROS User's Manual," WL-TR-96-
3004, May 1995.

Neill, D.J., Herendeen, D.L. and Hoesly, R.L.,”ASTROS Enhancements, Volume II - ASTROS Programmer's
Manual,” WL-TR-96-3005, May 1995.

Neill, D.J., Herendeen,and Venkayya, V.B., "ASTROS Enhancements, Volume III - ASTROS Theoretical
Manual," WL-TR-96-3004, May 1995.

ZONA, OU, Karpel, UAI, "Enhancement of the Aeroservoelastic Capability in ASTROS," STTR Phase I
Proposal (AF95T009), April 1995.

ZONA, OU, Karpel, UAI, "Enhancement of the Aeroservoelastic Capability in ASTROS," STTR Phase I Final
Report under STTR/AF Contract No. AF95T009, ZONA Report 96-09, May 1996.

Liu, D.D., Yao, Z.X., Sarhaddi, D., and Chavez, F., "Piston Theory Revisited and Further Applications," ICAS
Paper 94-2.8.4, presented at thel9th Congress of the International Council of the Aeronautical Sciences,
September, 1994,

Liu, D.D., Chen, P.C., Yao, Z.X. and Sarhaddi, D., "Recent Advances in Lifting Surface Methods," Paper No.
4, Proceedings of International Forum on Aeroelasticity and Structural Dynamics, Manchester U.K., June
1995.

Chen, P.C. and Liu, D.D., "A Harmonic Gradient Method for Unsteady Supersonic Flow Calculations,” Journal
of Aircraft, Vol. 22, No. 5, May 1985, pp. 371-379.

ZONAIR Theoretical Manual and ZONAIR Users Manual, ZONA 94-02/03, 1994.

ZONA Technology, "Aerodynamic Loads and Store Separation for Aircraft at Supersonic/Subsonic Speeds:
ZONAIR and ZSTORE," ZONA Report 95-02.1, Feb 1995.

Chen, P.C. and Liu, D.D., "Unsteady Supersonic Computations of Arbitrary Wing-Body Configurations
Including External Stores,"” Journal of Aircraft, Vol. 27, No. 2, February 1990, pp. 108-116.

Chen, P.C., Lee, H.W. and Liu, D.D., "Unsteady Subsonic Aerodynamics for Bodies and Wings with External
Stores Including Wake Effect,” Paper 91-060, International Forum on Aeroelasticity and Structural Dynamics,
Aachen, FRG, June 3-6, 1991. Also, Journal of Aircraft, Vol. 30, No. 5, Sept.-Oct. 1993, pp. 618-628.

65 STTR Final Rpt050896




28.
30.
31.

32.

33.
34.

35.

36.
37.
38.
39.

40.
41.

42,

43.

45.
46.
47.
48.
49,

"Documentation of ZONA6 Code (Version C)," ZONA 91-8.3, October 1994.

"Documentation of ZONA7 Code (Version E),” ZONA 91-19.5, October 1994.

Albano, E. and Rodden, W.P., "A Doublet-Lattice Method for Calculating Lift Distributions on Oscillating
Surfaces in Subsonic Flows,” AIAA Journal, Volume 7, February 1969, pp 279-285, and Volume 7, November
1969, p 2192.

Liu, D.D., "Computational Transonic Equivalent Strip Method for Applications to Unsteady 3D
Aerodynamics,” ATAA 21st Aerospace Science Meeting, Reno, NV., January 10-13, 1983, AIAA Paper No.
83-0261.

Liu, D.D., Kao, Y.F. and Fung, K.Y., "An Efficient Method for Computing Unsteady Transonic Aerodynamics
of Swept Wings with Control Surfaces,” Journal of Aircraft, Vol. 25, No. 1, January 1988.

ZTES/TAIC Documentation, ZONA 93-06, September 1993.

Fung, K.Y. and Chung, A., "Computations of Unsteady Transonic Aerodynamics Using Prescribed Steady
Pressures," Journal of Aircraft, Vol. 20, No. 12, December 1983, pp. 1058-1061.

Lessing, H.C., Troutman, J.L. and Menees, G.P., "Experimental Determination of the Pressure Distribution on
a Rectangular Wing Oscillating in the First Bending Mode for Mach Numbers from 0.24 to 1.30," NASA TN
D-33, December 1960.

Malone, J.B. and Ruo, S.Y., "LANN Wing Test Program: Acquisition and Application of Unsteady Transonic
Data for Evaluation of Three-Dimensional Computational Metjods,” AFWAL-TR-83-3006, Feb. 1983.
Sotomayer, W.A. and Borland, C.J., "Numerical Computation of Unsteady Transonic Flow about Wings and
Flaps," AIAA Paper 85-1712, 1985.

Scott, R.C. and Pototzky, A.S., "A Method of Predicting Quasi-Steady Aerodynamics for Flutter Analysis of
High Speed Vehicles Using Steady CFD Calculations,” AIAA-93-1364-CP, 1993.

Yates, E.C., "Agard Standard Aeroelastic Configurations for Dynamic Response I-Wing 445.6,"” AGARD
Report No. 765.

Kolonay, R. Private Communication.

Karpel, M., “Time-Domain Aeroservoelastic Modeling Using Weighted Unsteady Aerodynamic Forces,” J.
Guidance, Control, and Dyn., Vol. 13, No. 1, 1990, pp. 30-37.

Karprel, M., and Strull, E., “Minimum-State Unsteady Aerodynamic Approximation with Flexible
Constraints,” International Forum on Aeroelasticity and Structural Dynamics, Manchester UK, June 1995, pp.
66.1-66.8.

Walters, R., Reu, T. McGrory, W., and Richardson, P., "A Longitudinally-Patched Grid Approach with
Applications to High Speed Flows," AIAA Paper No. 88-0715, AIAA 26th Aerospace Sciences Meeting,
Reno, Nevada, January 1988.

Bennet, R.M., Batina, J.T. and Cunningham, H.J., "Wing-Flutter Calculations with the CAP-TSD Unsteady
Transonic Small-Disturbance Program," Journal of Aircraft, Vol. 29, No. 9, September 1989.

Garcia-Fogeda, P. and Liu, D.D., "Analysis of Unsteady Aerodynamics of Elastic Bodies in Supersonic Flow,"
Journal of Aircraft, Vol. 24, No. 12, December 1987, pp. 833-840.

Adams, William M., Jr.; and Tiffany, Sherwood H., "Design of a Candidate Flutter Suppression Control Law
for DAST ARW-2", NASA TM-86257, 1984.

Karpel, M. and Hoadley, S.T., "Physically Weighted Approximations of Unsteady Aerodynamic Forces Using
the Minimum-State Method,” NASA Technical Paper 3025, March 1991.

Mukhopadhyay, V., "Control Law Synthesis and Stability Robustness Improvement Using Constrained
Optimization Techniques," Control and Dynamic Systems, Vol. 32, 1990.

Zole, A. and Karpel, M., "Continuous Gust Response and Sensitivity Derivatives Using State-Space Models,"
presented at the Israel Annual Conference on Aviation and Astronautics, February 1993.

66 STTR Final Rpt050896




APPENDIX A

Contractual Performance Report
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(Presented to Wright Laboratory Personnel
on March 11-12, 1996, WPAFB, Ohio)
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AERODYNAMIC MODEL OF
NASP DEMONSTRATOR WING
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V-g Plot of NASP Demonstrator at M = 5.0
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V-g Plot of NASP Demonstrator at M = 10.0
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V-g Plot of NASP Demonstrator at M = 15.0
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Root-Locus Plot of NASP Demonstrator at M = 5.0
8 Modes, Qf= 130 psi, ® = 82 /s on Mode 4
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Root-Locus Plot of NASP Demonstrator at M = 10.0
8 Modes, Qf: 184 psi, o= 71 1/s on Mode 4
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Comparison of Flutter Results

NASP Wing
Mach Number
Aerodynamic 5 10 15
Method g oy h qp o h g o h
psi__ris (KM | psi s (KM | psi 15  (KfY
Piston Theory | 129 78 18 | 184 78 42 | 250 72 51
QSCFD 2d 169 80 11 {331 81 28 |982 224 22
QSCFD 3d ceee eemm -——- | 330 82 28 | 981 224 22
ZONASIU
- V-g Method 120 82 18 | 175 73 42 {206 70 55
- S-Domain 130 82 18 | 184 71 41 [213 68 54

h = Approximate matchpoint altitude.

Piston Theory, QSCFD 2d and QSCFD 3d data taken fron:

Scott, R.C. and Pototzky, A.S., "A Method of Predicting Quasi-Steady Acrodynamics for Flutter Analysis

of High Speed Vehicles Using Steady CFD Calculations,” AIAA-93-1364-CP, 1993.
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Root-Locus Plot of NASP Demonstrator at M = 15.0
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8 Modes, sz 213 psi, © = 68 1/s on Mode 4
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THE LESSING WING

NASA TND-344 /H.C. Lessing & J.L. Troutman / M=0.24~1.3
AR = 3.0, 5% Parabolic Arc
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The Lessing Wing at M=0.9

0.13

Magnitude of First Bending atk
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Lann Wing at M=0.82

Wing Pitching at 62% Root Chord, k=0.205 & AOA=0.6"
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NDARD 445.6 WING™
TARLZ I
HEASURED MODAL FREQUENCIES AND PANEL MASS
" Model deseription Prequency, cpe P‘”:;;"'
P“‘;'P"" Nounting | Structure [Model {Tn,2 | Fn,2 [Tt | ft,2 | Ta &
1.250 Vall Solia 1 |30.40 {146.00 {99.10 | 283.00 198.77T | 0.02298
2.500 Wall Soltd 1 |1n.60 | 67.30 {47.70 { 117,00 (4758 L3
2 {1b.10 | 69.30 [50.70 | 127.10 |50.68 L2658
2. Vall |Weekened 1 9.70 | ¥7.00 [35.00 | 89.50 |3k.89 13738
0 cexene 2 (10.10 | ¥9.00 | 33.80 ] 85.00 |33.69 #13665
3 9.60 | 50.70 [38.10 | 98.50 138.09 12764
L 9.70 | 51L.00 | 38.00 | 95.50 |37.88 12768
) 9.80 | 54.20 |39.20 | 9%6.50 |39.07 222143
6 |10.00 | 51.20 |38.90 | 98.50 |38.77 12826
3.70 Wall Soltd 1 8.60 | %0.90 {32.30 | 79.70 |32.29 51304
1.167 Sting SoMd  {lert |30.60 [143.00 }99.00 |268.00 {98.67 | 7.01899
Right |31.20 |143.00 [97.00 | 252.00 |96.97 01899
*Calculated panel mass.
Ay Model description a, 2ds, 25, Aqa,
Structure Mouating 143 e £t deg
Soltd Va1l 1.250 0.917 | 0.608 as1s
Solid Vall 2,500 1.833 | 1.208 a3.1s
Veakeped Vall 2.500 1.833 | 1.208 8215
) R Solid Vall 3.750 2,750 | 1.812 A1
s { Solid Sting 1267 856 .567 as1s
Figure l.- Wing panel dimensions.
* AGARD Report No. 765, AGARD Standard Acroclastic Confignration for Dynamic Responsc I-Wing 445.6 »
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ACp of 445.6 Weakened Wing

M=0.95, k=0.17, 8.22% Scmi-Span Station

Q.15

0.1 .° »

-0.05
Cro OF *

0.05 .

o 0.2 0.4 0.6 0.8 1

x/c

Steady Cp Computed by CAPTSD

Mode 2

-0.8 +

» ZONAG (RE)
o ZONAGB (IM)
ZTAIC (RE}
------ ZTAIC (IM)

AC, -0.4 + AC, 2 =

':o°°
~7®2 00000 9°
° .. g

0.4 t + + + i 10 + ¥ ‘3 +- {
o 0.2 0.4 0.6 0.8 1 0 0.2 04 06 0.8 1
xfc
xle % 0NA TECHNOLOSY
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ACp of 445.6 Weakened Wing

M=0.95, k=0.17, 52.45% Semi-Span Station

-0.1%

01 f"""""'-_ - Cpa®

-0.05 = "a

o 0.2 0.4 0.6 .8 1

x/c

Steady Cp Computed by CAPTSD
Mode 1

6 -0 +

= ZONAG (RE)
o ZONAS (IM)
ZTAIC (RE)

------ ZTAIC {IM)

ACp 21 AC,

[ 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1

ZTLH STTRWLPres02 1496
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ACp of 445.6 Weakened Wing

M=0.95, k=0.17, 95% Semi-Span Station

-0.0%

0.2 0.4 0.6 0.3

xlc

Steady Cp Computed by CAPTSD

80

" Mode 1 20 - Mode 2
ol a ZONAG (RE) o4
o ZONAG (IM)
ZTAIC (RE)
s+ Ve ZTAIC (IM) 20 -
AC, AC,
al 40 4+
ol 60 4
3 + + + b { 80 + t t t |
o) 0.2 0.4 0.6 0.8 1
° 02 o4 e 06 os k xlc {5 TONA TECHNOLOGY
ZILNSTTRIWLS re021496
445.6 Weakened Wing Flutter Results
Test Wind Tunnel ZONAG6 —-- ZTAIC A CAPTSD ¢
Cases Data (Linear) (Nonlinear) (Nonlinear)
M p r Vi s Vg s Vi r V¢
(stug/f3) | (Hz) (ft/sec) (Hz) (ft/sec) (Hz) (ft/sec) (Hz) {ft/sec)
0.678 |0.000404| 17.98 759.1 19.81 766.0 19.30 761.0 19.2 768
0.900 |0.000193| 16.09 9734 16.31 984.0 16.38 965.2 15.8 952
0.950 {0.000123| 14.50 1008.4 16.18 1192.0 13.46 944.0 12.8 " 956
B =13
S0 k =0 T
45— - =
U sl ) : : :::u
bo Ju & ZTAIC o T /
35l ——— ZONAG. ) - o09i Ce L & ZraIc
——0— Experiment ’ —o0— Experiment
301~ W CAP-TSD(inear) 3 ®  CAP-TSD (inear)
.ZSL ©  CAP-TSO {nonlinear) ); : 'ﬁgn L o0 CAP-TSD (nonfinear)
1 | 1 11 | 1 ] ’
0 .2 4 6 8 10 12 14 ([J '2 .L [6 ,%3 1fo 1%2 1{4
M M
| )
007 TECHNOLOSY
} ZNASTTRIKOM 101895 %



445.6 Solid Wing Flutter Results

Test Wind Tunnel ZONAG6 ZTAIC** CAPTSD*
Cases Data* (Linear) (Nonlinear) (Nonlinear)
M p Wf Ve wr Vi s Ve Wr Ve
(slug/ft3) | (Hz) {ft/scc) (Hz) (ft/sec) (Hz) (ft/sec) (Hz) (ft/sec)
0.90 0.00357 | 27.00 452.0 26.75 439.0 25.71 418.0 25.8 435.0
0.95 0.00320 | 2691 479.0 | 26.89 462.0 25.46 450.0 26.2 472.1
* Interpolated between Mach 0.87, 0.92 and 0.96.
** Restart Run Using AIC's of Weakened Wing (1 min cpu/case).
55~ i 7 r
uoaas Wl @
ks o‘as_b%-c(n s 029
or iy 3B °r ~
- .
a5l " soup2 .5 %
u SOLID1 FREON o SOLID1
W AR o | AIR SOLD2
a " 40} A ZTAIC . A ZTAIC
—O~— Experiment ~-QO—— Expeorimenl
35 ®  CAP-TSD (linear) 3= B CAP-TSD (linear)
O CAP-TSD (nonlinear) ©  CAP-TSD (nonlinear)
a0l -~ ~=Linoar Theory (FAST) oL — ——Linsar Theory (FAST)
L 1 1 i 1 1 1 [ 1 i ! H [ ]
0 2 4 .6 .8 1.0 1.2 1.4 0 .2 .4 .6 .8 1.0 1.2 1.4
M M
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Root-Locus Plot of 445.6 Weakened Wing at M=0.95

4 Modes .
ZONAG ZTAIC
q,= 0.61 psi, 0y =99 rad/s g, = 0.44 psi, 0 = 89 rad/s
600 600
—0 SO PO
500 + 500 +
% 400 + = 400 +
; 300 + S ; 300 + ~
1] a
< mapeme===oTT < g - mm =
2 004" £ 200 1°
100 + (’ """ e 100 4+ <,---° """""
o ; . ; ' 0 ; : + +
30 20 -0 0 10 20 30 3 .20 10 0 10 20 30
REAL(S) REAL(S)

Y% 70NA TECHNOLOE
ZTLSSTTRIKOM 101895 % HN Y
Flutter Speed and Frequency vs. Mach Number
4% Parabolic Arc Airfoil Section
Structural Model
2600 - 20
00 +
R 22 154
o ——CAPTSD N
= 4 s
< 1800 —~-XTRAN3| 2
> —=ZTAIC 10 +
1400 +
1000 i } } 5 ¢ } t
0.6 0.7 0.8 0.9 1 0.6 0.7 0.8 0.9 1
Mach Number at Sea Level Mach Number at Sea Level
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ACp of Modeled F-16 Wing
M=0.925, k=1.0, 5% Semi-Span Station

04

Q12

02

0.4 ———d

° 02 04 ce 08 1
we

Steady Cp, Computed by CAPTSD

Mode 1 Mode 2
0,035 7
-0.025 +
o0ty ——ZTAIC (Re)
Py T S A ZTAIC (Im)
-0.005 + = ZONAG (Re)
' i o ZONAS (Im)
0.005 + .. ,
0.015 ; -bA " - 0.2 + —
) 0 0.2 0.4 0.6 0.8 1 Y 0.2 0.4 0.6 0.8 1
xlc
xlc 5
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ACp of Modeled F-16 Wing
M=0.925, k=1.0, 55% Semi-Span Station
0.4 ‘ '
0.2
Cwm O
02
04 —_—
° 02 04 as o8 1
e
Steady C, Computed by CAPTSD .
Mode 1 Mode 2
-0.12 1
-0.09 +
006 +
——ZTAIC (Re)
aC, 003+ frEL eeeeee ZTAIC (Im)
»  ZONAS (Re)
01 o ZONAB (Im)
0.03 1+
05+
0.06 § —
1] 0.2 04 0.6 0.8 1 0 0.2 04 0.6 0.8 1
xlc x/c
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ACp of Modeled F-16 Wing
M=0.925, k=1.0, 95% Semi-Span Station

Q4

£2

Steady C, Computed by CAPTSD
Mode 1 Mode 2

0.12 "'.

———ZTAIC (Re)

------ ZTAIC (Im)
n  ZONAS (Re)
o ZONAS (Im)

'ﬁ 20844 TECHNOLOSY

ZTLYSTTRIWLPresO2 1496

ZONA51U / ZTAIC ARE FOR ASTROS

« AIC Formulation
- Ideal for MDO

e k-Domain Based Aerodynamics
- For All Conventional Flutter Methods

« S-Domain Aerodynamics For ASE
- Through Minimum State Technique

85 %zw TECHNOLOGY
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ZONA AERODYNAMIC MODULE: UAIC — USDA

zoNAg ZTAIC
| zoNA7
ZONA el
AERO ZONASIU
MODULE —
} 1 1 L 1 1 1 ) 1 .
0 s 10
MACH NUMBER
NONE NONE
DM DM
MSC/ | ZoNasi ASTROS | oo
NASTRAN AERO
AERO MODULE
b 5 10 b 5 10
MACH NUMBER MACH NUMBER

ZTLHSTTRAVLres02 1496

%:% Z08A TECHNOLOEY

UNIFIED S-DOMAIN AERODYNAMICS (USDA) FOR
ASTROS ENGINEERING APPLICATION MODULES

ZTLNSTTRIW Ll res021496

86

~ )
Static Aeroelasticity |
Module
- Static Aeroelasticity
USDA - Analysis[Optimization
* ZONA6
* ZONA7
S TTALC Database
* ZONASIU
Flutter Module
- P-K Method
- KE Method
ASE Module
- Minimum-State
Technique
- State-Space Model of
MIMO Control System
- Gust Analysis
\ J
{55 T0nA TECHNOLOGY




UNIVERSAL AERODYNAMIC GEOMETRY MODULE (AGM) I
Goal

LA AALTAL A,

Kt 5k

227002 e 0o,
20590,%4

2 o':,’b

_ Surface

Panel s
\ //;// 2E

Lifting
Surface
Panels
(CAERO?)

Hybrid Panel Methods

AQDMEM

Surface Panel Method

GOAL: to provide a universal set of input definition for aerodynamic
modeling of all panel methods such as:

- High-Order Surface Panel Methods: PANAIR, QUADPAN, ZONAIR, etc.

- Lifting Surface Methods: DLM, ZONAS51, etc.

- Hybrid Panel Methods: ZONAIR (Thin Wing Option)

{,Ts TONA TECHNOLOGY

ZTLHSTIRIWLLPres021496

UNIVERSAL AERODYNAMIC GEOMETRY MODULE (AGM) II
Major Tasks

Panel
N

Surface
Panels
(CAERO7)

Surface Panel Method Hybrid Panel Methods

AQDMEM

+ Define New Bulk Data Entries: AGRID, ATRIA, AQUAD,
AQDMEM, ABAR for surface panels and CAERO7 for lifting
surface panels.

 The New Bulk Data Entries will fully represent the Geometry Data

required by all panel methods such as PANAIR, QUADPAN,
ZONAIR, etc.

ZTLNSTTRIWLPres02 1496 87
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ZONA PRODUCTS

.« ZONASI
« ZONASIU
« ZONA7

- ZONAG

.« ZTAIC

« ZONAIR
« ZSTORE

¥ 7084 TECHNOLOGY
ZILY1IS012396 %

ZONA PRODUCTS

- ZONAS51 code generates unsteady supersonic aerodynamics for
lifting surfaces.

ZONASIU code generates unified supersonic/hypersonic
aerodynamics for lifting surfaces.

- ZONA7/ZONAG codes generate unsteady supersonic/subsonic
aerodynamics for aircraft configurations with external stores.

- ZTAIC code generates unsteady transonic aerodynamics and
transonic AIC's for wing planforms and lifting surfaces.

- ZONAIR code ahigh order panel code for computing whole
aircraft aerodynamics with external stores including structural
flexibility effects at subsonic and supersonic speeds.

- ZSTORE code generates store/aircraft aerodynamics and predicts
store trajectory during the ejection and separation phases.

gjﬁ IONA TECHNOLOSY
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Various Limits for Hypersonic/Supersonic Flow

A . ' .
A / :
g g7
Present ZONA51U L\ S
\ Valid in the Complete 4 ) 3=
- L, k-M Space 4/ Z2.07
.8 4 &8
gg /. g : !
=7 Y “ @ |
== “ 512
o g Linear v A i
=k Supersonics J‘; 'TFPLSEEORNY / .
- N bt} /' :
KM = 1 ; Hui's ) Hypersonics‘é
v ) 2 ':
f Hui's Low k - ~ :
N e e el (CF EEECTTERPEEEEDE SR O RREEE :
‘% A
) L ] ]
: L/LALLLLLL-‘ L L //)‘
: N 1 *
0.0 : C A —
1-0 * . +
Shock M - 50 M=o
Attachment e
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Damping-in-Pitch Derivative vs Thickness

Diamond Profile (T =tan ¢ )
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STABILITY DERIVATIVES vs. REDUCED FREQUENCY

M=15 h=025, o = 10°

M=30, h=025, ¢ = 10°

oz

1] 2
’ ‘ | [ el T T 08 /“ J"" ‘_‘:‘:
. M.. 1 b =
¢ Tff\m:}' MCLad o h«c:)s T
Re(CL) 3 Im(Cr) 0 4 '[ﬁi" )
O | LNEAR THECRY 16 ,,aj
| HEER L
I~ / - 12 oz
2 2 + L] 1 2 3 S [ ] 2 3 4
o 1 2z 3 4 5 ¢ 6 1 2 3 4 5 ¢
i 0.3 0.1
0s «0.0 x ,;V*
+0.2 T N 0.4 oz oy
gy 04 \bﬁ/f Re(Chad0.s FChia)
Re(Ch) =t Im(Cam) \ S - ’
1.8 o //F 0.8 ] i o
0.8 \ &'ﬂ—-‘,—v—‘:
2.5 1.0 -0.7 0.4 = ]
e 1 2 « s ¢ o 1 2 3 4 s & ° 1 2 3 H ° H H . 3 i
k X k
. e} .
Flutter Points for 15° Swept Untapered Wing
M =13 & 3.0 (10 x 10 cuts)
—l [ A=15°
55251 ‘l‘
M=13 M =30
Vi (Bt/s) & (H2) | Ve (ess) K (H2)
Test [24) 1280 102 2030 146
Rodden [25] 1397 124 1913 149
ZONAS1 1547 127 2159 148
ZONAS1IU 1487 124 2014 146
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WING + TIPTANK + PYLON + STORE
NACA

iy <—]

NLR WIND TUNNEL MODEL

Cr 3 639.6%
PITCH AX1S (1590 Cp )

R ——

WG KL, FLANE

264

90

TANK PANELS

AERODYNAMIC MODELING
WING BOXES

91

T
LINZAK, CIMENSIONS 14 A4

/—-WEF

/3

167.10
2376 CHORD

NLR WING TIPTANK CONFIGURATION

Nfb CHORD
ViEW BB ¢ TIFTANX

VIEW AA 1 PIRL.ON

734
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NLR Wing+Tiptank

Present = ZONAG
M=0.45, k=0.305, x,=0.15¢, _
" Unsteady C, Along Tiptank at 6 = 202.5° Unsteady Normal Load (C ) Along Tiptank

Presart (with wake)

00 Presant (with wake)
4.00F _.... Prasent (without wake) 4.00F -=--=- Presont (without waks)
—eme=  NLR Amalysis —es=s= NLR Analysis

° NLR Tast —b: o ° NLA Test =
3.00 \ . 3.00+ g
:I . b

2.00 H\Y

2.00 -
Re(Cp) 1.00 Re(C;) 1.00}
0.00 } 0.00
1.00 -1.00
200 L1 : 2.00
0.00 020 040 060 080  1.00 o.
1.00 1.00
0.50 0.50

Im(C, } 0.00F

Im(C, ) 0.00F,
-0.50} -0.50% AN
./
R 1 1 1 2 I 1 I 1 -1, 2 1 1 Iy rl 1 " 1
<i'(’8.00 * 0.20 0.40 0.60 0.80 1.00 . 08.00 0.20 0.40 0.60 0.80 1.00
o %mm TECHNOLOSY
ZTLNSTTRIWLP res02 1496

NLR WING+TIPTANK+PYLON+STORE
CONFIGURATION

AERODYNAMIC MODELING
WING BOXES = 90
PYLON BOXES = 24
TANK PANELS = 264

STORE PANELS = 216

% 2084 TEQH}{OLOGY

92




NLR Wing+Tiptank+Pylon+Store
M=0.45, k=0.305, x,=0.15c,

Present = ZONA6

Unsteady Normal Load (C, ) Along Store Unsteady Side Load (Cy ) Along Store
I Prasent {with wake} o Prasent (wgn wake)
----- Present (without wake) . ====+ Present (without wake)
3.00L =+—=+=  NLR Analysis 3.00 === NULR Analysls
o NLR Test ] NUR Test
2.00 2.00
1.00 1.00
Re(C; ) Re(Cy )
0.00 0.00
-1.00 -1.00(
2000 e 200l o0 e e
000 020 040 060 080  1.00 000 020 040 060 080  1.00
1.00 - 1.00
050} o050}
-]
1m(C2 ) 0.00 1m(C, ) 0.00
-0.50+- -0.50}
%00 o020 040 060 080 100 1090 020 o040 060 080 1.00
e L {5 708 TECHNOLOGY
ZTLNSTIRWLPres02 1495
NLR Wing+Tiptank+Pylon+St
Unsteady Cp Along Store, M=0.45, k=0.305, x ,=0.15c,
4.00- Presant (whh wake) 4.00}- Present (wh wake)
----- Present (without wake) ====+ Presemt {without wake)
L +  Present (body only) Present = L+ Present (bocy onty)
~=e=-= NLR Analysis wwee=e=  NLR Analysis
3.00t o NLA Test ’ ZONA6 300F © MR Test
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NLR WING WITH TIPMISSILE V
Spanwise forces & moments
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NLR WING WITH TIP-MISSILE
Spanwise Airload on Wing, M=0.6,-K=0.2
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Development of ASTROS/ASE Module

Development of Software Design Blue-print: Phase 1

Submodule Development/Total Module Integration: Phase I1

OVERALL CAPABILITIES

APPROACH

ASE DESIGN SCENARIOS

PROGRAM FLOW CHART OF ASE MODULE

GROSS POTENTIALS
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OVERALL CAPABILITIES

Inclusion of Multi-Input and Multi-Output (MIMO) Control System

Provide Closed-Loop Robust Stability Analysis by Means of Gain
Margins, Phase Margins and Singular Values

Add Continuous Gust Response Capabilities

Stability and Gust Response Constraints in the Structural Design
Optimization

Inclusion of User-Defined Control Parameters of a Given Control
Law in the MDO Process

L

Export an Efficient State-Space Representation of the ASE System
to MATLAB/MATRIX X for Subsequent Analysis and Control
Synthesis

The above new features are applicable to open-loop as well as closed loop systems.

g;’gzm TECHNOLOGY
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APPROACH

Rational Approximation of Unsteady Aerodynamic Forces
Provided by the ZONA Aero Module

- Minimum State Technique
- Roger's Approximation

L4

State-Space Formulation of the ASE System

Control System is Represented by:

- Polynomial Transfer Functions
- State-Space Realization

Gust Filter is Defined such that a White-Noise Input Produces
an Approximation of Either Dryden's or von Karmen's PSD
of Atmospheric Continuous Gusts

« Residualization of Structural States for Modal-Size-Reduction
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ASE DESIGN SCENARIOS

Three Design Scenarios are Presented as Follows:

« AFW Roll Performance with Flutter Constraints

« Trade-Off Studies of Gust Load Alleviation by
Passive and Active Means

« Store Flutter Suppression with Structural
Uncertainties

gﬂ‘; ZONA TECHNOLOSY
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ASE DESIGN SCENARIOS (I)

AFW Roll Performance with Flutter Constraints

The AFW wind tunnel model has two leading edge & two trailing
edge control surfaces to meet the roll performance requirements.
An initial control system design satisfies these roll constraints

but introduces antisymmetric flutter.

With the proposed ASTROS/ASE module, the control gains of
the four control surfaces are added to the list of design varaibles.
The new ASE module and the static aeroelastic module are
employed to optimize the control gains and the structural design
variables for satisfying the flutter and roll performance constraints
with a minimal weight penalty.
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ASE DESIGN SCENARIOS (II)

Trade-Off Study of Gust Load Alleviation by Passive
and Active Means :

— oulboard
accelerometers aileron
Dryden gust
spectrum
elevator

« A drone aircraft designed by ASTROS Version 11 is experiencing excessive
wing root RMS bending moment in open-loop continuous gust analysis.
« With the new ASE module, the baseline structure is used as a starting
point for two design studies:
+ Passive Design - Add gust response constraints and repeat the structural
design process.

+ Active Design
- Extract the plant state-space model for designing a load alleviation

control system outside of ASTROS.
- Due to the control system limitations, the control law helps but does

not fully satisfy the gust-response requirements.
- Redesign the structure in the presence of the control system with
gain-margin, phase-margin and singular-value constraints added to the

list of constraints.
» Supply data for trade-off studies of structural changes vs. complexity of the

control system. 5 ZoN TECHNOLOGY
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ASE DESIGN SCENARIOS (III)

Store Flutter Suppression with Structural Uncertainties

Uncertainties of the stores/pylons structural properties require
a robust control system design for store flutter suppression.

The state-space matrices of aircraft with external stores and the
derivatives of these matrices with respect to the structural
properties of the stores/pylons will be generated by the new
ASE modules.

MATLAB u-analysis tool box will then be used to design a
control system which suppresses flutter over a range of
parameter uncertainties.

The designed control law will be introduced to ASTROS for
the verification with various store models at different flight

conditions.
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Global Flow Chart of the ASE Module
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GROSS POTENTIALS

+ Integration with Probabilistic Desi gn Methods

* Introduction of Smart-Structure Technology

* Inclusion of Emerging Robust Control Technique
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